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1. INTRODUCTION

RNA-based therapeutics have emerged as a powerful class of drugs that offer significant
advantages for targeting pathways and targets with high precision, previously impossible
with common small molecules. RNA-derived drugs have shown promise in treating multiple
conditions, including genetic disorders, cancers, and infectious diseases [ 1]. With significant
structural and functional discoveries and technological advances, RNA-based drugs are
achieving their true therapeutic potential [2]. RNA molecules as therapeutic agents are more
easily screened, synthesized, and modified for precise adjustments, if necessary, thus

demonstrating significant potential in modern therapeutics [3].

The advent of RNA-based drugs has introduced numerous advantages over traditional
pharmaceuticals, including cost-effective screening and synthesis processes, which
substantially expand the range of targets. These drugs offer flexibility in design and
customization for personalized therapeutics, enabling rapid screening and development of

sequences against emerging pathogens [4].

Key milestones include the development of antisense oligonucleotides (ASOs) in the early
1980s and the proposal of RNA interference (RNA1) in the 2000s [2, 5], as well as the first-
ever approval of a CRISPR-Cas9-based therapy, Casgevy. The recent approval of an
aptamer, Izervay (avacincaptad pegol), further underscores the versatility and expanding
horizons of NA therapeutics. These advancements collectively highlight the rapid evolution

and transformative impact of NA-based treatments in modern medicine [4].

Numerous RNA-based therapeutic molecules have received approval from the US Food and

Drug Administration (FDA) and have progressed into clinical trials, as outlined in Table 1.



Table 1: List of approved Nucleic acid drugs

Chemical
RNA type Drug name(s) Target profile modification | Year approved | Reference
and carrier
o ) Eye, cytomegalovirus (CMV) 1998, FDA, EMA
Fomivirsen (Vitravene,
retinitis: Bind and degrade UL123 2'-H 6
SIS 2922) - , Withdrawn 2002
mRNA and inhibit CMV protein IE2 1thdrawn
Mipomersen Liver, homozygous familial
Gapmers, 2'-
(Kynamro™, ISIS hypercholesterolemia, binds and MOE 2013 7
301012) degrades ApoB-100 mRNA
Nusinersen(Spinraza, | CNS, spinal muscular atrophy: splice
(Sp P PRSP 2'-MOE 2016 8
ISIS 396443) the pre-mRNA of SMN2
[Eteplirsen (Exondys 51, Muscles, Duchenne muscular
) 2'-MOE, PMO 2016 9
AVI-4658) dystrophy: Splice exon 52 of DMD
) Liver, familial amyloid
Inotersen (Tegsedi, o )
polyneuropathy: Inhibit translation of 2'-MOE, 2018 10
ISIS 420915)
TTR mRNA translation
ASO
CNS, Mila Makovec’s CLN7 gene is 2018, Approved
Milasen associated with Batten disease: Splice - for personalized 3
the CLN7 mRNA use
Golodirsen (Vyondys Muscles, Duchenne muscular
2'-MOE, PMO 2019 11
53™_ SRP-4053) dystrophy: Splice exon 53 of DMD
Viltolarsen (Viltepso, Muscles, Duchenne muscular
) 2'-MOE, PMO 2020 12
NS-065, NCNP-01) | dystrophy: Splice exon 53 of DMD
Casimersen (SRP-4045, Muscles, Duchenne muscular
) PMO 2021 13
Amondys 45™) dystrophy: Splice exon 45 of DMD
Muscles, polyneuropathy of
poy pathy GalNAc-
Eplontersen (Wainua) | hereditary transthyretin-mediated . 2023 14
S conjugated
amyloidosis
Patisiran (Onpattro, . o
Liver, polyneuropathy: Inhibit PS, 2'-O-Me, 2'-
ALN-TTRO2, 2018 15
translation of TTR mRNA translation F, LNP
ONPATTRO™)
siRNA
Liver, acute hepatic porphyria:
Givosiran (Givlaari, PS, 2'-O-Me, 2'-
Targeting ALAS1 mRNA and 2019 16
ALN-AS1) F, GalNAc

downregulation




Liver, primary hyperoxaluria type 1:

Lumasiran (OXLUMO, ) PS, 2'-O-Me, 2'-
Targeting HAO1 mRNA and 2020 17
ALNGO1) F, GalNAc
downregulation of glycolate oxidase
Inclisiran (LEQVIO, | Liver, atherosclerotic cardiovascular |PS, 2'-O-Me, 2'- 001 18
ALN-PCSSC) disease: Targeting PCSK9 mRNA F, GalNAc
Vutrisiran (ALN- PS, 2'-O-Me, 2'-
Liver, hATTR treatment, TTR mRNA 2022 18
TTRSCO02) F, GalNAc
Nedosiran ) ) PS, 2'-O-Me, 2'-
Primary hyperoxaluria 2023 19
(RIVFLOZA) F, GalNAc
Pegylated, all
PO,
Eye, macular degeneration: Binding
. . o 2'-F, and 2'-
Pegaptanib (Macugen) | with the hairpin loop of VEGF165 oM 2004 20
€;
Aptamers and subsequent inactivation
Gand A
methylated
Izervay (avacincaptad |Eye, complement C5 inhibitor to treat| PEGylated 2003 ”
pegol) geographic atrophy (GA) oligonucleotide
Nucleosides-
modified,
Immune system, COVID-19 vaccine:
BNT162b2 Tioid 2020 22
SARS-CoV-2 S antigens’ expression 1p1
nanoparticle-
mRNA
formulated
Lipid
Immune system, COVID-19 vaccine: )
mRNA-1273 ) ) nanoparticle- 2020 23
SARS-CoV-2 S antigens’ expression
formulated
Casgevy
Blood, editing of CD34+ HSPCs
CRISPR-Cas9|  (exagamglogene ) - 2023 24
using CRISPR-Cas9
autotemcel)




1.1 Classification of RNA-Based Therapeutics

(A)ASO-mediated gene regulation RNAi-mediated gene regulation
. 2 N 1 Transcription
Occupancy-mediated degradation Occupancy-only mechanism R%_w’
miRNA gene Ppri-miRNA
(D RNase H1 Translation arrest @ miRNA l
® : "gim@m ‘compatitor ‘Nucleus m,
Exon1  Exon2 Exon3 AAAA Cytoplasm
| L. - - -AAAA MRNA  Translation activation l Exportin-5
H Ribozyme (UORF/TIE) miRNA Inhlhl(
g microRNAN=gtsc mm]m QMWE
dsRNA -MIRNA
2
- ' NI ﬁi\?um @
Cytoplasm,.—.~ MRNA == Exon1 Exon2 EXON3 w=ppAAA = -7
i A ? - Exon1 Exon3 -AAAA
: Lo
s e S il e - D
. <® )
Exonincusion " T—— AT premsc
O] (2) splice-switching ASO o e Strand seleclionl
RN'“’S‘{ w— EXON1 wmm Exon2 == Exon3 ==AAAA @
- @ ™,
pre-RNA— Exon1 THIID Exonz — Exon3 — AAAA / 7..'.:3'2 m:rmsc e
] W Mutation in
~ binding site
NI 2 Al Target mRNA
DNA
Bz
RNA polymerase | ™ 1‘“: »'”E =
mRNA or
(C)CRISPR/Cas-based genome editing (E)mRNA vaccine
() RCas9 (2)Cas9 orthologs S,
Moderna (MRNA-1273)
s Lipid nanoparticle
Target RNA NCCPAMer 3 Target RNA Paiine
5 i K '
¥ 3 :. ~— .=
% 3
- . CD8+ cytotoxic T cell-mediated
SgRNA 008 i | e €08+ T cell
mRNA &
Platform: LNP-encapsulated mRNA
(3)Cas13 (4)Non-catalytic Cas13 (dCas13b) encoding S protein.

crRNA crRNA

(D)Aptamer
@A P
VEGF
A=
j( Pnaunlh@ %‘"‘A

B cell/antibody-mediated
humoral immunity

Antigen Presenting Cell

T helper cell

Macular degeneration

Figure 1: Scheme of RNA-based drugs: A) Antisense oligonucleotides (ASOs), B) RNA interference
(RNAI). C) CRISPR/Cas-based RNA editing system, D) RNA aptamers, and E) mRNA vaccine [2].



1.1.1 Messenger RNA

Messenger RNAs (mRNAs) have an important intermediary role in the central dogma
of molecular biology, carrying the blueprints of our genome. The mRNA therapeutics can

be divided into three subgroups:

1. Replacement therapy: the mRNAs are administered to compensate for a defective

gene or protein, or to supply therapeutic proteins.

2. Vaccination: the mRNA encoding a specific antigen is administered to trigger an

immune response.

3. Cell therapy: the mRNA is transfected into cells ex vivo to alter cell phenotype or

function, and these cells are then delivered into the patients [25].

The application and design of mRNA as drugs present several benefits, including transient
expression without genomic integration (eliminating the risk of insertional mutagenesis
[26]), which improves safety [27]; the ability to produce most of any functional protein or
peptide [28, 29]; faster design and production compared to standard approaches [29]; cost-
effectiveness and flexibility [28]; higher transfection efficiency and lower toxicity and

compared to DNA-based drugs [28, 29].

This aspect guarantees that the mRNA is only active for a short period of time, reducing the
potential burden on host homeostasis and decreasing off-target effects in gene editing [30].
The tunable aspect of mRNA allows for the rapid production of various proteins, making it
a strategic and strong tool for precise medicine [30]. This versatility could permit the
treatment of various diseases, including those previously considered unmanageable or
genetic [31, 32]. Numerous mRNA vaccines are approved, starting with the mRNA rabies
vaccine [33] and others targeting various infectious diseases, such as mRNA vaccines for
COVID-19 [34- 36]. Synthetic mRNAs can stimulate an immune response or replace
defective proteins in genetic disorders by encoding specific proteins [37]. After the huge
success of COVID-19 vaccines (tozinameran from Pfizer—BioNTech, and elasomeran from
Moderna), researchers around the world are working on the design and development of

mRNA-based cancer vaccines [37].

These new drugs are part of personalized therapeutics, drugs designed to induce the immune

system to recognize and eliminate cancer cells [38].



In fact, these vaccines can promote immune responses against tumor-specific neoantigens

[39-42], with promising clinical benefits [43].

Now, no mRNA cancer vaccines have yet received regulatory approval, but several phase -
IT clinical trials have shown encouraging results, even in poorly immunogenic tumors [43].
Moreover, mRNA vaccines could be designed to treat autoimmune diseases, where they
could be highly selective in reducing pathological immune responses while preserving

normal immune function [44].

Several optimization and modification processes can be applied to mRNA therapeutics to
overcome numerous obstacles, including stability, immunogenicity, delivery, and
scalability. In fact, unmodified mRNAs are easily targeted by cellular ribonucleases
(RNases), causing their degradation, reducing their clinical efficacy, since they need to
remain intact and unaltered to be translated into functional proteins or peptides. One of the
main approaches is to insert unnatural nucleobases such as pseudouridine [45, 46], 5-
methylcytidine [47, 48], and 1-methylpseudouridine [49] to improve their resistance to
RNases [50, 51].

Additionally, to reduce immunogenic responses while improving stability, structural
modifications at the 3°, 5’ ends, and untranslated regions (UTRs) can be applied [52].
The main problems are attaining high and sustained protein expression in specific cell types,
shaping the need for repeated dosing, which can cause immune responses and reduced

efficacy despite using modified mRNA and advanced delivery systems.

One of the main obstacles to mRNA therapeutics is the negative charge. In fact, the drug
needs to cross cell membranes and reach the translation sites in the cytoplasm. To overcome
this challenge, several techniques can be employed, specifically lipid nanoparticles (LNPs)
[53], viral vectors [54], and classical electroporation techniques. Overall, these mechanisms
can be applied to all RNA-based drugs as an optimization approach, improving half-life and

therapeutic abilities.

Furthermore, several rare genetic diseases could be treated by mRNA therapeutics, and
preclinical studies on rare disease models illustrate that [55], such as methylmalonic
acidemia, glycogen storage disease type la, cystic fibrosis, Ornithine transcarbamylase
deficiency, Phenylketonuria, Propionic acidemia, Hypercholesterolemia, Refractory
hyperlipidemia, and a-1 antitrypsin deficiency. These overall astonishing results highlight

the large expansion of interest in mRNA therapeutics.
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To enhance the attractiveness of mRNA therapeutics, overall flexibility and cost are key
factors [56, 57]. To achieve personalized therapy, a new generation of mRNA therapeutics
needs to be developed. Many researchers are working to improve stability, delivery, and

immune modulation to achieve that [57].

Additionally, mRNA vaccines have recently emerged as a promising strategy to generate
anti-cancer immunity to magnify the effects of Immune checkpoint inhibitors (ICIs) [58—61]
and determine the RNA therapeutics targeting infectious disease antigens as universal
modulators of antitumour immunity [5]. These findings define vaccines as an available tool
to enhance the efficacy of cancer immunotherapy. Furthermore, the next goal could be to
design specific mRNA therapeutics to reset patient immune systems for enhanced response

to immunotherapy [62].

1.1.2 Small Interfering RNAs

Small interfering RNA (siRNA) operates through the RNA interference (RNAi) pathway to
silence specific genes [63-65] by binding complementary mRNA sequences, causing their
degradation and allowing targeted gene knockdown [64]. They act by specifically
hybridizing the targeted sense strand of RNA via Watson-Crick hydrogen bonding [65].
siRNA therapeutics offer several advantages, including targeting almost any gene with high

precision [65] and silencing genes previously considered “undruggable” [66].

The siRNA duplexes have a length range between 30 and over 100 base pairs, in both natural
and artificial precursor siRNAs. The enzyme Dicer processes the precursors into 21-bp-long
siRNAs with two-base 3’ overhangs [67]. Thanks to this truncation process, a mature siRNA
is produced that will interact with the RNA-induced silencing complex (RISC) to start the
RNA interference (RNA1) process. Argonaute 2 (AGO2), an endonuclease and member of
RISC, cleaves the sense strand of the duplex, leaving the antisense strand intact, then guides
the active RISC to its target mRNA. AGO2 then attacks and destroys the phosphodiester
backbone of the target mRNA. The antisense strand is usually fully complementary to the
coding region of the target mRNA, enabling siRNA to knock down a specific target gene
with high precision [68, 69].



siRNAs remain inactive until the transactivation-responsive RNA-binding protein (TRBP)
activates them by loading them into AGO2 (while being double-stranded), which splits the
sense strand, allowing the binding of the antisense strand to catalytic AGO2 [69].

The binding to the mRNA target can be perfect, in which the antisense strand has 100%
complementarity to its target, or imperfect. The imperfect alignment leads to translational

repression and potential off-target effects [70—72].

The efficiency of the siRNAs depends on different factors, such as target availability,
binding site position, secondary mRNA structures, and the intrinsic siRNA characteristics.
In fact, the success of RNAI strategies is mainly achieved through the optimization of the

siRNA design [73].

Numerous modifications to standard siRNA designs have produced benefits such as reduced
passenger strand activity and improved effectiveness. Part of these modified siRNAs are
Dicer-substrate siRNAs [74], Small internally segmented siRNAs [75], Divalent siRNAs
[76], Single-stranded siRNAs [77], and Self-delivering siRNAs (asymmetric and
hydrophobic) [78].

Additionally, to improve the stability of siRNA, chemical modifications can be introduced
to avoid its degradation by RNases while improving its half-life. Moreover, the clinical
application of siRNA therapeutics has encountered four main problems: delivery, stability,

specificity, and safety.

Furthermore, siRNAs have difficulty crossing the cell membranes, making it difficult to
reach the target sites. This issue is related to their nature as double-stranded RNA sequences
with a high negative charge. However, this difficulty can be resolved by different strategies.
The easiest solutions are based on encapsulating the siRNA into nanoparticles, such as LNPs,
polymer-based delivery systems such as polyethylenimine (PEI) and polyethylene glycol
(PEG) [79]. Additionally, several approaches, such as antibody-vector-based [80] and
organ/tissue-specific delivery, are utilized for efficient targeting [81]. For instance, GalNAc-
siRNA conjugates represent a significant milestone in achieving targeted delivery of siRNA
to the liver [82]. The FDA has approved many siRNA-based drugs: Patisiran [15, 83],
Vutrisiran [84], Inclisiran [18], Lumasiran [85], Nedosiran [86], Fitusiran [87], Givosiran

[16, 88], and others [89].



Fitusiran is a siRNA therapeutic designed to lower antithrombin (AT) and restore sufficient
thrombin generation to rebalance homeostasis in hemophilia A or B (PwHA/B) and prevent

bleeding [90].

Plozasiran is a first-in-class GalNAc-conjugated siRNA therapy designed to reduce the
production of APOC3, a key component of triglyceride-rich lipoproteins (TRLs) and
regulator of triglyceride metabolism, causing a reduction of triglycerides and restoring

normal lipid profiles [91].

siRNA-based therapeutics may have additional applications, and continued clinical
exploration in this field is necessary to discover new uses [92, 93]. In conclusion, continuing
improvements in delivery systems, stability via chemical modifications, and specificity
through sequence optimization are together making siRNAs a respected tool against a wide

range of diseases and viral infections like HBV.
1.1.3 MicroRNA

MicroRNAs (miRNAs) are small, non-coding RNA molecules of 2024 nt that can regulate
gene expression at the post-transcriptional level by targeting and binding to a complementary
sequence present in the 3'-untranslated regions (UTRs) of target mRNAs, leading to either
translational repression or mRNA degradation through RISC. To target the specific mRNA,
the miRNA is guided by AGO2, permitting the gene silencing process [94].

Unlike siRNAs, miRNAs show partial complementarity to their target, permitting them to
regulate multiple genes at the same time and offering potential advantages over traditional
single-target therapies [95]. They have critical roles in various physiological processes,
including development, cell division, differentiation, apoptosis, and immune responses [96-

98].

In cancer, miRNAs can act as oncogenes, defined as oncomiRs, or tumor suppressors, and
this identification made it possible to understand their therapeutic potential. The miR-34
family acts as a tumor suppressor by targeting genes involved in cell cycle regulation and
apoptosis [99]. On the other hand, the miR-21 family promotes tumor progression by
downregulating tumor suppressors acting as oncomiRs [100]. Additionally, recent evidence
has shown that miRNAs can be developed into a clinical biomarker for hepatocellular

carcinomas (HCC) [101].



miRNA-based therapeutics can be used to restore the function of downregulated miRNAs,
acting as miRNA mimics or antagomiRs, to inhibit overexpressed miRNAs [102] and target
multiple genes simultaneously [95]. They are also useful as an advanced approach in gene
therapy [103, 104]. miRNA inhibitors are usually chemically modified, single-stranded
oligonucleotide sequences designed to bind to and inhibit endogenous miRNAs [95]. In this
way, the translation of target mRNA is upregulated, reducing the possible effects caused by
negative miRNAs that are overexpressed in the cells [105]. They are highly specific [95] and
can last long due to chemical modifications [103]. At the current state, many different
miRNA-based drugs are under investigation, promising an advancement in gene therapy and

cancer treatments [106, 107].
1.1.4 Non-Coding RNAs

Non-coding RNAs (ncRNAs) have a huge impact on the regulation of cellular processes and
gene expression. Specifically, they have specific roles in modulating post-transcriptional
gene expression and transcriptional control, plus they can influence epigenetic regulation
[108-112]. Moreover, they have a pivotal role in several cellular processes, such as signal
transduction pathways, nuclear structure maintenance, and RNA splicing [109, 113].
Additionally, during RNA splicing, ncRNAs contribute to a precise elimination of introns
and the joining of exons in pre-mRNA transcripts [114, 115]. This process is critical to
generate mature mRNA that can translate into functional proteins. ncRNAs aid the
organization of the chromatin, enabling powerful interactions between different genomic
regions [114]. Thanks to that, the gene expression and cellular functions are well sustained

and can be executed properly.

Furthermore, ncRNAs facilitate extracellular signals to intracellular responses and other
transduction pathway signaling [116—118]. Thanks to their influence over these pathways,
they can modulate several important processes, such as stress and immune responses, and
metabolism. They also have a strong role in the regulation of other signaling pathways that
control essential cellular functions, such as apoptosis, differentiation, and proliferation

[109].

Furthermore, ncRNAs have a role in controlling the expression of pro-apoptotic and anti-
apoptotic factors [119], regulating apoptosis. This action has a key role in establishing

whether a cell will experience programmed cell death or survive under stress conditions.
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Their contribution to many disease mechanisms has significant consideration due to their
implications in several pathologies, including cancer, neurological disorders, and
cardiovascular diseases [110, 111]. They are also tangled in regulatory processes in

cardiovascular diseases, such as cardiac hypertrophy and vascular remodeling [120, 121].

In summary, ncRNAs are fundamental for an organism’s health [119]. Highlighting their
huge role in preserving homeostasis and understanding the roles of ncRNAs in these diseases
provides insights into their crucial mechanisms. In the proximate future, it will be possible
to develop targeted therapies that hold the unique properties of these regulatory nucleic

acids.
1.1.5 Long Non-Coding RNAs

Long non-coding RNAs (IncRNAs) are good targets and tools in gene therapy, and they have
vast potential as drug candidate models [122]. IncRNAs are usually longer than 200
nucleotides with important roles in several cellular processes, modulating complex genetic
networks and genetic regulation [122]. Specifically, IncRNAs can influence transcriptional
and post-transcriptional processes, modulate chromatin structure, and interact with proteins
and other RNAs, making them fundamental to maintaining a balance in cellular functions

and homeostasis [122].

Thanks to their large spectrum of actions, they could be used as gene therapy to offer a
different solution as treatment for complex genetic disorders and cancers [109]. Targeting
IncRNAs permits massive advantages, starting with a tissue/cell type-specific expression
pattern [109], scaffolds for protein complexes, enhancers of gene expression, or even
inhibitors of oncogenic pathways [122]. Additionally, they are useful as diagnostic and

prognostic biomarkers [109].

IncRNAs are involved in numerous diseases. In fact, recent studies have shown that targeting
specific oncogenic IncRNAs can inhibit tumor growth and metastasis in preclinical models
[30]. Working on the restoration of lost or downregulated IncRNAs presents an exciting

opportunity for therapeutic development [122].
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1.1.6 Antisense Oligonucleotides

Antisense Oligonucleotides (ASOs) are short, usually 18-30 nucleotide long, synthetic
nucleic acids that can bind complementary mRNA target [21]. Base pairing through Watson-
Crick hydrogen bonds between nucleobases is the simplest yet most effective strategy to

manipulate gene expression [123].

ASOs can reduce the expression of disease-causing proteins by targeting specific mRNAs
[66], acting as valuable tools in treating genetic disorders. Several ASOs have received FDA
and EMA approval for clinical use in the treatment of cytomegalovirus retinitis
polyneuropathy, Duchenne muscular dystrophy, hereditary transthyretin amyloidosis,

homozygous familial hypercholesterolemia, and spinal muscular atrophy [67].

ASOs can modulate gene expression or modify pre-mRNA splicing depending on their
chemistry, target sites, and binding sequences. One mechanism of action is determined after
binding between the ASO and the mRNA target, in which degradation is achieved by RNase
H-mediated cleavage (gapmers) (method defined as RNase Hl-dependent. The other
mechanism of action is through steric hindrance (mixmers) via high-affinity binding to
complementary targets [124], as an RNase H1-independent method [22]. Thanks to these
pathways, ASOs can modulate splicing and, effectively, alter protein production [109, 125].

The endogenous RNase HI1 is an enzyme well distributed in the nucleus and cytoplasm,

permitting it to target long non-coding RNAs and immature pre-mRNAs [126-128].

Moreover, ASOs can be manufactured to bind the AUG start site and nearby sequences or
UTR sequences, using steric hindrance to block the binding of RNA-binding protein
complexes, like RNA-binding proteins and ribosomal subunits, causing the inhibition of the
translation of target mRNA [129]. ASOs can also target the upstream open reading frames

(uORFs) to enhance protein translation and inhibit the expression of the main ORFs [130].

Another method by which ASOs can eliminate abnormal mRNAs is through the activation
of the endogenous cellular surveillance mechanism. When ASOs target pre-mRNAs, they
induce premature termination codons in mRNAs, and they can be degraded via nonsense-
mediated mRNA decay [131]. Furthermore, ASOs can regulate the translation process by
inhibiting or activating various mechanisms. One of the methods is the inhibition of 5'-cap

formation [132], modifications in polyadenylation [133], and translational arrest [134].
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The synthesis and design of ASOs is well established and can be easily scaled up. Moreover,
many different optimization methods are available to improve affinity, stability, and
pharmacokinetic/pharmacodynamic properties. Between them, chemically modified gapmer
and mixmer ASOs can contain scattered nucleotides linked by phosphorothioate bonds.

Moreover, several other modifications can be used [135-141].

Moreover, to improve efficiency and tissue-specific delivery, the conjugation of ASOs with
antibodies, aptamers, and cell-penetrating peptides is a common practice [142, 143].
Additionally, advancements have been made for efficient and tissue-specific delivery
strategies by employing conjugation approaches, such as coupling ASOs with cell-

penetrating peptides.

One of the main issues related to ASOs, and shared with other RNA-based drugs, is the
presence of a high density of negative charges, mainly due to phosphate groups, which
makes them difficult to cross the hydrophobic cytoplasmic membrane. Moreover, exogenous
RNAs can be very immunogenic, causing cell toxicity and reducing their effectiveness as

therapeutic drugs.

The FDA gave regulatory approval for RNase H-competent ASOs: fomivirsen [144],
mipomersen [ 145], volanesorsen [146], inotersen [ 147], tofersen [148], eplontersen [14], and
olezarsen [149]. Additionally, various splice-switching ASOs have received FDA approval,
including Eteplirsen [150], Golodirsen [151], Viltolarsen [34], Casimersen [152], and

Nusinersen [153].

Olezarsen is an ASO used to treat familial chylomicronemia syndrome (FCS), acting as an
adjunct to diet by reducing triglyceride levels in adults [154]. Next, Donidalorsen is a
GalNAc3-conjugated ASO that binds prekallikrein (PKK) mRNA in the liver, reducing its
expression. In fact, PKK is a key enzyme involved in activating inflammatory mediators
associated with acute attacks of hereditary angioedema (HAE) [155]. Last, Ulefnersen is an
ASO designed for the treatment of patients with amyotrophic lateral sclerosis (ALS) caused
by a mutation of the fused in sarcoma (FUS) gene [156].
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1.1.7 Circular RNA Molecules

Circular RNAs (circRNAs) are highly abundant and conserved, with tissue- and
developmental stage-specific expression patterns. circRNAs are critical molecules because
of their regulatory roles in various biological processes [157]. The presence of covalent
bonds shapes them as a loop without having 5’ caps or 3’ poly(A) tails, making them highly
resistant to nucleases and very stable in cellular environments [158].
Their development starts with precursor mRNA (pre-mRNA), where the downstream 5’
splice site is joined to an upstream 3’ splice site, defining this process as back-splicing [159].
They enable their function through a process defined as sponging miRNAs [160, 161].
During this process, circRNAs harbor multiple miRNA response elements (MREs) and act
as competing endogenous RNAs (ceRNAs), thereby sequestering miRNAs and regulating
the expression of miRNA target genes [161]. Moreover, they can modulate the activity and
localization of RBPs [162], and some of them can be translated into peptides with functional

activities [161, 163].

circRNAs are promising and attractive candidates for the development of innovative RNA-
based drugs with multiple applications, thanks to their high stability and low
immunogenicity [164]. Moreover, pattern recognition receptors such as Toll-like receptors
(TLRs) can not trigger the innate immune responses when attacked by circRNAs [165].
Besides their innate properties, the bigger obstacle is the efficient delivery of circRNA
therapeutics. circRNA-based drugs in several preclinical studies have demonstrated their

potential but overall are still in the early stages of development [166].

Overall, circRNAs are promising RNA-based drugs that could be designed to treat
pathologies from cancer to viral infections, demonstrating a large landscape of targets [167-

174].
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1.1.8 Aptamers

Aptamers are short single-stranded DNA or RNA molecules (ssDNA/ssRNA) with specific
tertiary structures, which allow them to bind to a large variety of targets, such as proteins,
peptides, carbohydrates, organelles, and even cells. The Systematic Evolution of Ligands by
EXponential enrichment (SELEX) was the protocol identified and finalized in 1990 for the
first-ever synthesis of aptamers [175-177], and is a process created to screen aptamers from
large databases of random sequences that can contain over 1 trillion different sequences.
These sequences are brought to bind candidate target sequences under specific
physicochemical conditions. Once the molecules are bound to their target, they are isolated
through several processes [178]. Hence, another selection approach is performed, and after
multiple cycles, a few high-efficiency molecules are identified to hit the desired target.
Aptamers are very easy to separate thanks to their specific three-dimensional folding and in
vitro replication preference [177, 179], and they can be used for screening ssDNA or RNA
aptamers [180]. The purified-protein-based SELEX has some issues; in fact, it cannot mimic
with high accuracy the native conformations of target proteins in their natural cellular
environment [181]. The cell-based SELEX screening can overcome this issue but is designed
to be efficient at targeting proteins on the cell surface, in opposition to what most therapeutic
target molecules are likely to reside inside the cell [181, 182].
A recent technique called CRISmers is a CRISPR-based RNA aptamer screening platform.
Thanks to this technique, numerous RNA aptamers designed to target the receptor-binding
domain (RBD) of the SARS-CoV-2 spike glycoprotein were successfully identified,
showing highly sensitive binding and the ability to neutralize SARS-CoV-2 virus and its

Delta and Omicron variants [4].

Aptamers are one of the most versatile nucleic acid-based drugs because they can bind to a
wide variety of targets with high specificity and affinity. Thanks to these properties, they
can be defined as antibody-like structures. In fact, they can adopt well-defined three-
dimensional structures, such as hairpins, loops, or pseudoknots, which are important for their
interaction with target molecules [4]. These properties define aptamers as valuable tools for
improving targeted drug delivery systems and molecular recognition elements in therapeutic
and diagnostic applications, as well as for modulating protein function [183]. Aptamers can
function as antagonists, avoiding the interactions between ligand and receptor [183] or
carriers, where they can deliver specific therapeutic drugs to cells or tissues with high

precision [184-186].
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Aptamers can modulate gene expression by acting as multidirectional riboswitches.
Specifically, when the aptamer interacts with one of its ligands, it induces conformational
changes in its tertiary structure, adapting to the specific situation, a property that enables the
design of ligand-induced aptamer switches for multidirectional expression systems [187,
188]. Natural and synthetic aptamer switches have been identified to modulate almost every

process of mRNA turnover [189, 190].

Figure 2: Structure example of an aptamer.

Besides all the positive aspects, there are a few issues related to aptamers and their
druggability. The first one is that unmodified aptamers are quickly degraded by nucleases,
such as DNases and RNases, in the cell system in seconds to an hour, depending on their
length and tertiary conformation in space [191, 192]. Structure-wise, aptamers are very light,
with a weight range of 6-30 kDa, and with a small size (<5 nm) [193], determining their fast
renal clearance while being prone to leak through renal filtration [194]. To reduce the impact
of these problems, improvements must be made to permit their clinical application; massive

modifications are necessary.

Part of these modifications are applied through conjugation with additional moieties, such
as Polyethylen glycol (PEG), improving aptamers' half-life while severely reducing the
elimination by renal filtration. In fact, heavier compounds, such as cholesterols [195],
peptides [196], PEG [197], liposomes [198], and nanomaterials [199, 200] can be used in
these situations. Moreover, aptamers can be synthesized via chemical synthesis, are easy to

modify, and have less immunogenicity compared with antibodies [201].
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Only two aptamers received approval from the FDA. The first is Pegaptanib, which
specifically binds to vascular endothelial growth factor-A (VEGF-A), inhibiting its
interaction with receptors and preventing angiogenesis [20]. The second one is Izervay
(avacincaptad pegol), a complement C5 inhibitor designed for the treatment of geographic
atrophy (GA) caused by advanced dry age-related macular degeneration (AMD). Thanks to
their overall properties, aptamers are extensively studied in immunology, oncology,
metabolism, neurodegenerative diseases, and cardiovascular diseases [21]. Several aptamers

are under clinical phases [202-204].
1.1.9 Ribozymes

RNA molecules can have the ability to act as enzymes, performing catalysis of reactions; in
fact, it was proven that the catalytic skill of purified ribonucleases from prokaryotes is
entirely dependent on the RNA moieties without the interference of proteins and enzymes,

demonstrating the pivotal role of RNA molecules [205, 206].

Available in nature are two different ribozymes: the hammerhead ribozymes were
discovered in 1987, and later, hairpin ribozymes in 1990, with the latter being well
investigated and used in therapeutics [207, 208].

The hammerhead ribozyme consists of three helices, which flank and bind the antisense
strand of target RNA, and a catalytic core that mediates the cleavage reaction [209]. The
cleavage is performed on the RNA at a specific site, and the two resulting cleaved RNAs are
prone to degradation, while the hammerhead ribozymes stand away, ready to target another
copy of such sequences, intending to suppress their target sequences [210]. Several clinical
trials have studied ribozyme therapeutics, but most of them were abandoned due to
insufficient efficiency (e.g., angiozyme) [211, 212]. Ribozymes have shown limited stability

in biological environments, mainly because they are easily targeted by nucleases.

The development of chemically modified ribozymes or improved delivery systems is
essential to enhance their stability and overall performance. The application and study of 2’
modified pyrimidine nucleosides and phosphonothioates of hammerhead ribozymes showed
significantly augmented stability and activity [213, 214]. To overcome the challenges
associated with intracellular environments and the need for high accuracy, several
improvements must be made in RNA chemistry, delivery vectors, and technologies to enable

their successful therapeutic application [4].
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1.1.10 RNA-Based Drug Delivery

Delivery systems are essential tools for RNA-based therapies and are divided into two main
categories: viral vectors (e.g., Adeno-associated viruses, AAVs) and non-viral vectors. The
application of viral vectors permits the transduction of target cells while facilitating the long-
term expression of therapeutic RNAs, making them a valuable tool to treat several chronic

diseases and genetic disorders [215].

AAVs are favored for their low immunogenicity and ability to transduce both dividing and
non-dividing cells [215]. They can be used in a large spectrum of tissues, including those
that are difficult to target with other delivery methods [215]. AAVs have an exceptional
safety profile and versatility, allowing them to gain popularity for gene therapy [216-220].
Over 1000 variants and 12 AAV serotypes have been discovered, each with the potential to
target different cell types without being pathogenic [220-224].

Another positive aspect regarding AAVs is related to their episomal transgene expression,
determining a low risk of insertional mutagenesis [225-227]. The outgoing presence of
recombinant adeno-associated viruses (rAAVs) allowed for alleviating concerns relative to

the integration of the RN A material into the host genome, making them safer [227, 228].

Lentiviruses can perform long, stable transgene expressions while infecting both dividing
and non-dividing cells, including stem cells and neurons [229, 230]. They can integrate their
DNA into the host cell’s genome, permitting long-term gene expression, especially in
dividing cells [231, 232]. Latter technology includes the development and advancement of
non-integrating lentiviral vectors (NILVs). NILVs contain the advantages of lentiviruses
while severely dropping the risk of insertional mutagenesis. To produce them, mutations are
introduced in the viral enzyme integrase or by modifying the viral DNA that integrase

recognizes [233].

Non-viral delivery systems have gained an important distinction in RNA-based gene
therapy, mainly through LNPs [234]. LNPs can simplify cellular uptake and improve the
endosomal escape, and are designed to encapsulate and protect RNA molecules, avoiding
extracellular ribonucleases [235, 236]. Thanks to these properties, the RNA-based
therapeutics can reach their target within the cell, maximizing their efficacy. Moreover, their
natural composition permits an efficient cellular uptake; in fact, the ionizable lipids allow

for a high encapsulation efficiency, promoting an effective cell entry [237].
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Additionally, LPNs have low immunogenicity compared to viral vectors, showing a safer
profile for clinical applications [238]. Moreover, LNPs enhance endosomal escape, allowing

the release of RNA from the cytosol through interactions with endosomal membranes [237].

Furthermore, LNPs can be used to encapsulate several different types of RNA and can be
designed and engineered to target specific tissues [238]. Polymeric nanoparticles are another
type of non-viral vector, which are synthetic carriers valuable for delivering RNA molecules,

composed of biodegradable polymers to encapsulate and protect RNA [239, 240].

This type of vector can offer top-tier stability and protection, defending the RNAs from
degradation; moreover, it furnishes efficient cellular uptake and increased half-life in the
bloodstream. Several types of vectors are available, such as dendrimers, polymeric micelles,
and polymer-drug conjugates [240] as part of the nanoparticle platforms. The development
of cationic polymers allowed the formation of complexes with highly negatively charged
RNA structures, enabling improved delivery into cells [239, 241]. The silica nanoparticles,
a delivery system that can be easily personalized on the surface, thanks to their intrinsic
properties, can be functionalized to target ligands or drugs, permitting a good delivery of

RNA molecules [239] while enhancing their therapeutic efficacy [242].

Silica nanoparticles can be engineered to perform a controlled release, and they have a high
surface area for cargo encapsulation [243]. Specifically, Mesoporous silica nanoparticles
(MSNs) have shown good results in carrying siRNA, causing the downregulation of genes
correlated with osteoporosis-related diseases [244, 245]. Another recent and available option
is the design of gold nanoparticles (AuNPs), which can be used to create self-assembled

capsules [246].
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Figure 3: Illustration of the available viral and non-viral carriers for RNA-based drug delivery [247].

1.1.11 Chemical Modifications in RNA Molecules

One of the main issues related to RNA molecules is that they are unstable in the cellular
environment because they are easily and rapidly attacked by RNases available in cells,
destroying them as they are recognized as extraneous objects. Associated with that, the
nature of RNA’s 2°-OH group makes RNA fragile and unstable. This instability poses a huge
challenge for the development of RN A-based drugs [4].

To improve the RNA’s stability, a large set of chemical modifications can be used, including:
1) Modification and optimization of the sugar-phosphate backbone
2) Application of modified bases
3) Insertion of nucleotide modifications.

The main goals of these modifications are to improve the resistance to nucleases, enhance
affinity to the target, improve pharmacokinetics, and reduce pro-inflammatory reactions or

immunogenic responses.
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These modifications need to be applied to a specific site, specifically for siRNA and ASO,
where the number of nucleotides is limited. In fact, researchers around the globe can design
site-specific chemical modifications [4]. Hereinafter, a list of chemical modifications applied

to each type of RNA-based drug is provided.
1.1.12 Chemical Modifications in mRNA

Several methods can be applied to optimize mRNA vaccines: sequence optimization,
nucleobase modification, or sequence substitution to increase translational capacity [248].
Chemical modifications like 5-methyluridine (m°U), NI1-methylpseudouridine, 2-
thiouridine, and pseudouridine are added into mRNA sequences to reduce the innate immune

activation [249].
1.1.13 Chemical Modifications in ASOs

The first ever modification applied to the backbone of nucleic acids was the
phosphorothioate backbone, which was introduced in ASOs and siRNAs [250]
The insertion of phosphorothioate oligodeoxynucleotides (PS-ODNs) can be accomplished
in several ways, and the phosphorothioate linkage is formed by adding a sulfur atom to
replace a non-bridged oxygen, which increases the resistance to nuclease degradation [251-
253]. The formation of new hydrogen bonds by the sulfur atom, specifically in the PS
linkage, can stabilize the local structure in the RNA, improving its resistance against
nucleolytic degradation, as was demonstrated with Fomivirsen, in which the half-life of
ASOs increased in serum [254-256]. However, the improved binding to serum proteins, such

as albumin, can cause off-target effects and toxicity [257, 258]

To improve safety, efficacy, stability, and half-life in vivo, the 2’-OH of the ribose can be
modified, and several methods are available, such as 2°-O-methyl (2’-OMe), 2’-fluoro (2’ -
F), 2°-O-methoxy-ethyl (2°’-MOE), and 2’-O-aminopropyl (2°-O-AP) [259]. Additionally,
the 2’-OH modification can improve the binding affinity of RNA molecules to their target
(like mRNA or miRNA), thanks to an increased flexibility and conformational range while

reducing off-target effects [259].

To improve the affinity to target mRNAs, while adding resistance to degradation by
nucleases and peptidases, other modifications in the furanose ring, along with the PS,

riboses, and nucleotide, are applied [260].
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Other backbones that can be applied, part of the Xeno Nucleic Acid, are Locked nucleic
acids (LNAs), peptide nucleic acids (PNAs), and phosphorodiamidate morpholino oligomers
(PMOs). All of them are valuable options to enhance RNA resistance and stability [261-
263]. Thanks to these chemical modifications and optimizations, the application of ASOs as
therapeutics has improved, specifically for genetic disorders and viral infections [264].
Another key aspect related to these modifications is that they can be used independently or

in combination.
1.1.14 Chemical Modifications in siRNA

The modifications that are applied to ASOs motivated the application and use of siRNA
therapeutics using the same techniques [265]. In fact, PS, PMO, and PNAs are the most
prevalent changes to the phosphate backbone for siRNAs [266]. These molecules show
extraordinary uptake in many tissues, including lymph nodes, adipocytes, bone marrow,
liver, spleen, and kidney. Thanks to these types of modifications, PS-modified RNA-based
drugs can be stable with a half-life of 1-4 weeks [266, 267].

Another modification is the implementation of modified linkages in the RNA, such as
Methylphosphonate and borano phosphate (BP), that are generally categorized as neutral or

cationic internucleoside linkages [268, 269].

However, PS-modified molecules exhibit reduced sequence-specific binding affinity [270].
A peculiar problem of siRNAs with PS bonds is that, if more than half of the phosphodiester
bonds are replaced with PS bonds, the overall toxicity is increased [271]. This problem is
related to the fact that this type of modification impairs RISC activity [272]. BP increases
lipophilicity more than PS analogs and offers twice the resistance to nuclease degradation
while causing low toxicity. On the other hand, this modification cannot be performed in the
center of the guide strand, since it is not well tolerated, limiting its application [273]. PMOs
and PNAS don’t present these issues and are largely used [274]. 2'-MOE, 2'-OMe, and 2'-F

are present in all siRNA drugs that are undergoing clinical trials [275].

Other types of modifications are Tricyclo-DNA oligonucleotides (tc-DNA), constrained
ethyl oligonucleotides (cEt), and LNAs [276, 277]. Moreover, the main nucleobase
modifications include carboxyl substitution, cytosine methylation, deamination,
hydroxymethylation, guanine oxidation, and adenine methylation [278]. Additionally,

several unnatural nucleobases can be implemented in the starting sequence.
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The modification of nucleobases is performed less often than sugar-phosphate. When
nucleobase analogs are added, certain functions can be promoted, such as molecular size or

charge distribution [278, 279].
1.1.15 Chemical Modifications of Aptamers

Several downsides related to aptamers are their shortage of chemical diversity [280], high
hydrophilicity, and negative charge [281]. They primarily form ionic interactions, hydrogen
bonds, stacking, and polar interactions with their targets. The application of large chemical

moieties in aptamers results in a promising option [280].

When we consider natural chemistry aptamers, constituted by DNA and RNA backbones,
they mainly rely on shape complementarity and polar or electrostatic interactions while they
bind to their targets. With the modern advancement of synthetic chemistry, new protocols
have emerged to improve nucleotide structures, including ribose modifications [282, 283]
and the introduction of new chemical moieties [284-286], and lastly, the expansion of the
genetic alphabet [287-289]. Another problem related to the synthesis of the aptamers is
associated with the introduction of these chemically modified nucleotides, which need to be
compatible with polymerase-mediated synthesis and convenient in the SELEX protocol for
the identification of modified aptamers [290, 291]. Moreover, several chemical
modifications can be applied, such as 5'-end PEGylation [292], inverted thymidine capping
[293], and sugar ring substitutions. These modifications improve aptamers ‘binding affinity
and pharmacokinetic properties [294]. As mentioned before regarding the other RNA-based
drugs, for the aptamers, several chemical modifications can be introduced: at the nucleobase
level, phosphodiester backbone, and ribose sugar. The most common base modifications
include 5’-methyluridine, pseudouridine, and dihydrouridine. Base modifications are
frequently exploited for the selection of DNA aptamers with protein-like functionality, such
as SOMAmers [295, 296]. Numerous sugar modifications can be exploited to improve
aptamer stability, including 2°-OMe, 2’-F, 2’-amino ribose (2°-NH2), cyclohexane nucleic
acid (CeNA), threose nucleic acid (TNA), arabinonucleic acid (ANA), 2'-fluoroarabino
nucleic acid (FANA), LNA, and PNA. Several backbone modifications are available
regarding aptamers, including the replacement of the phosphodiester linkage with
methylphosphonate, triazole on the a-phosphorus, and phosphorothioate [297-299]. PS is a
valuable modification for the formation of G-quadruplex oligonucleotides, by increasing

their thermal stability [300].
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The introduction of post-SELEX chemical modifications (incorporation of 2°-F, 2’-OMe,
2’-NH2, CeNA, LNA, FANA, ANA, TNA, L-DNA, and L-RNA) can occasionally
harmfully impact the function of aptamers. One way to avoid this problem is to perform
SELEX experiments directly with chemically modified nucleotides with the support of an
engineered polymerase [301]. A low percentage of current aptamers contain modified
nucleic acids (MNAs) compared to conventional RNA and DNA, but the only FDA-
approved aptamers are chemically modified. However, the introduction of MNA-based
aptamers is likely to rise as modified nucleotides become more commercially accessible
[302]. The presence of experimental and computational evidence reveals that structural

complexity improves the functional potential of nucleic acids [303-309].
1.1.16 Ribose Modifications

The ribose modifications confer improved stability to aptamers by reducing the influence of
nucleases in intracellular and extracellular environments [309]. The main changes on the 2’

OH include halogenation [310], amination [311], and alkoxyl group substitution [312].

Pegaptanib, the FDA-approved aptamer for the treatment of age-related macular
degeneration (AMD), consists of 13 2’ F pyrimidine nucleotides, and 12 out of 14 purine
nucleotides are 2° OMe [313-314] while severely improving the half-life [314]. The 2’OMe
group of the ribose induces steric hindrance, causing a reduction in affinity between the
polymerase and the 2’OMe nucleotides, establishing nuclease resistance. To work with these
ribose modifications, advanced polymerases are required to perform correctly during

SELEX protocols.
1.1.17 Nucleobase Modifications

Another pivotal method to modify aptamers is by adding new features through chemical
moieties. Since nucleobases have a crucial role in epitope recognition, their modification
needs to be performed with high precision [315]. The most favorable positions to apply the
modifications are C5 of pyrimidines and C8 of purines [280]. Moreover, protein-like or

hydrophobic moieties are largely used as chemical appendages [316-318].

Several novel nucleobases are available to overcome the few naturally available options.
These available unnatural base pairs do not follow the conventional Watson-Crick pairing

[319].
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The expanded genetic alphabet is a powerful tool in diversifying the functionalities of
aptamers [320-322]. This method is defined as artificially expanded genetic information
systems (AEGIS), and it was used to design potent modified aptamers against proteins [323]
and cancer cell lines [324, 325]. Another available method is the enzymatic construction of
metal base pairs [326], in which two synthetic nucleotides serve as ligands for metal

coordination [327-331].
1.1.18 Backbone and Tag Modifications

Aptamers have a small molecular size and fast renal clearance. To avoid this, the phosphate
backbone can be modified by adding tags [332, 333], which can slow down renal clearance
[334]. Cholesterol or PEG are the main tag moieties applied on the terminus of the aptamers;
they increase their molecular size while reducing renal clearance [335]. This modification is

also visible on Pegaptanib, which is PEGylated to increase its half-life [335].
1.1.19 Synthetic Approaches

By adding these unnatural nucleosides, new problems came to play. In fact, they are less
accessible by polymerases in SELEX approaches and in solid-phase synthesis (SPS). These
methods usually have a substandard yield and a higher cost [336]. To overcome these issues,
the biocatalytic synthesis, which uses enzymes to catalyze chemical reactions [337], can be
used. Another available synthetic approach is through click chemistry [338], which allows

the acquisition of noncanonical nucleosides at lower cost and higher efficiency.

1.1.20 RNA-Based Gene Therapy Applications and Future Perspectives

The RNA-based gene drugs offer advanced strategies for cancer treatment, such as silencing

oncogenes, restoring tumor suppressor functions, and modulating immune responses [5].

SiRNAs and ASOs are available for cancer treatment [339]. Specifically, siRNAs can be
designed to target mRNAs that translate into oncogenic proteins with the goal of silencing
these genes that drive tumor growth [66]. ASOs can be designed to perform the same action,
restoring standard gene expression [340]. Moreover, mRNA-based therapies are being
investigated for their application as an advanced therapy against cancer [28, 29]. These
treatments encode for proteins that can boost immune responses against tumors or restore

regular cellular functions [28].
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One of the methods is designing mRNA that encodes for tumor-associated antigens (TAAs),

new types of mRNA vaccines that can elicit strong immune responses.

Thanks to this approach, the delivery of multiple antigens can be achieved at the same time,

improving humoral and cell-mediated immunity [28, 29].

Additionally, RNA therapies could be useful for direct antiviral effects in addition to
vaccines. Specifically, siRNAs that can target viral genes effectively stop viral replication
by silencing vital genes and significantly reducing viral loads in patients [341]. Furthermore,
RNA-based treatments are viable options for illnesses related to malfunctioning proteins

[342].

The recent discoveries and advancements in technology will improve the specificity of
RNA-based therapeutics while reducing the impact of natural instability, the possibility of
off-target effects, possible immunogenicity, and poor performance with traditional delivery

systems.

The groundbreaking introduction of artificial intelligence tools is increasingly being used in
RNA therapy for several purposes, such as RNA structure prediction [343], and sequence
optimization by the analysis of large datasets, etc [344]. Another advanced technique is the
Guide RNA-based CRISPR-Cas system, which provides genome editing precision, a useful
treatment of genetic disorders [345] while improving the specificity of gene manipulation.
All things considered, the development of RNA-based therapeutics as a potentially
significant therapeutic approach is closely linked to advancements in several crucial areas,
including improving stability in the native cellular environment, guaranteeing cost-
effectiveness, and accomplishing effective and targeted delivery to the target site. To fully
realize the potential benefits of NA therapeutics in the future, significant improvements in

these areas are essential.

26



2. COMPUTATIONAL CHEMISTRY

The drug discovery and development processes are composed of three main steps: drug

discovery, preclinical development, and clinical trials.

Drug discovery begins with identifying a hit molecule, a compound that produces a desired
effect in screening assays [346, 347]. After that, the structure of the hit molecule is optimized
and modified to improve affinity and selectivity, decreasing toxicity, increasing water and
lipid solubility, and enhancing ADME properties. Thanks to this long process, the hit
molecule is converted into a lead molecule. The further optimization of the lead molecule

delivers the drug candidate.

High investments and time are necessary for the discovery of new drugs, but the success rate
after all the phases is only 13% [348]. In most cases (40-60%), the failure of the drug
identification is determined by poor pharmacokinetic properties (ADME/Tox) [349]. In this
critical situation, computer-aided drug discovery (CADD) techniques are advanced tools that
improve and accelerate drug discovery and development by reducing costs and increasing
success rates [350]. An integral part of CADD is rational drug design; this approach provides
knowledge to understand and investigate the binding affinity and molecular interaction

between the target protein and ligand [351].

Furthermore, the advancement in technology related to pharmaceutical sciences has
permitted aiding the lead identification by the construction and development of
supercomputing facilities, advanced programs, clusters, algorithms, etc [352]. Moreover, the
innovative recent improvements in artificial intelligence (Al) and machine learning (ML)
methods have significantly improved the analysis and investigation of pharmaceutical-

related big data in the drug discovery process [353].

Besides the advancement in Al, several other methods can be applied for the identification
of new drugs, such as chemical databases, molecular docking, pharmacophore modeling,
quantum mechanics, quantitative structure-activity relationship (QSAR), and statistical

learning methods.

When we consider the CADD methods, these are divided into structure-based (SBDD) and
ligand-based drug design (LBDD) protocols.
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The SBDD methods are based on the availability of a 3D structure of the target protein
(receptor) plus information associated with its active sites. This information is necessary to

investigate and understand the molecular interaction between the receptor and ligand [354].

On the other hand, LBDD methods rely on well-known and studied ligands that can interact

with the target receptor [355].
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Figure 4: Workflow of SBDD and LBDD [356]
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2.1 Structure-Based Drug Design

The SBDD method is useful for the identification and optimization of lead molecules. Since
the structure of the receptor is available, this method is helpful to understand the interactions
at the molecular level [357]. The main techniques used in SBDD methods are structure-
based virtual screening (SBVS), molecular docking, and molecular dynamics (MD)
simulations. These methods are valuable for evaluating binding energetics, conformational

changes in the receptor after binding with a ligand, and protein-ligand interactions [358].
A standard SBDD protocol consists of numerous steps:

A) Preparation of the target structure

B) Identification of the ligand binding site

C) Compound library preparation

D) Molecular docking and scoring functions

E) MD simulation

F) Binding free energy calculation

The availability of structural elucidation techniques such as X-ray and NMR has led to a
quick advancement in the resolution and quality of the structures deposited and available in
the protein data bank (PDB), but still, several protein structures have not been solved yet
[359]. Even with these issues, the more modern computational techniques, such as ab initio
modeling [360], comparative homology modeling [361], and threading [362], have allowed

and transformed the protein structures from their sequences.

e Homology modeling: a recent computational technique for determining with high
accuracy the three-dimensional structure of a protein from its amino acid sequence.
This method relies on a suitable template structure [363]. It consists of several steps:
The identification of a template, followed by sequence alignments, construction and
refinement of the model of the target, and lastly the model validation [361]. Several
tools are available, such as MODELLER [364], SWISS-MODEL [365], MODBASE
[366], ProModel [367], etc.
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¢ Protein threading: a valuable technique for protein structure prediction that is usually
applied when a target protein has a low sequence or structural similarity with other
proteins available in the PDB (<25% sequence identity). To improve the accuracy of
the method, protein threading considers structural information such as secondary
structure and solvent accessibility [368]. Several tools are available, such as I-

TASSER [369], FUGUE [370], mGENthreader [371], Phyre [372], etc.

e Ab initio modeling: a method used if the target protein does not have any template
structures available in the databases, like PDB [360]. This method reaches for the
global or near-global minimum potential energy to identify the dihedral angle values
for a specific protein structure, which relates to the structure’s stability [373]. A

valuable tool to perform this is ROSETTA [374].

Numerous drugs available in the market were developed thanks to SBDD methods, such as
Amprenavir [375, 376], Raltitrexed [377], Norfloxacin [354], Dorzolamide [378], Isoniazid
[379], and Flurbiprofen [380, 381].

The identification of the ligand-binding site is a prerequisite for performing targeted
docking. This information can be gathered from X-ray crystallographic structures of proteins
co-crystallized with ligands, substrates, or inhibitors [382] or site-directed mutagenesis
studies. When a protein is without these types of information, several software and
webservers can aid in predicting the binding sites, such as CASTp [383], DoGSite Scorer
[384], NSiteMatch [385], DEPTH [386], MSPocket [387], MetaPocket [388], and Q-
SiteFinder [389].

During the identification of the ligands, numerous ligands that cannot fit well into the

binding site pocket are eliminated during the lead identification step.
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2.2 Compound Library Preparation

Different drug-like compound libraries are available online [390, 391], but usually a custom-
made library is required. Libraries may be divided into:
a) Libraries containing many generic compounds, useful for virtual high-throughput
screenings (VHTS),
b) Libraries containing highly chemically diverse compounds,
¢) Libraries containing target-oriented compounds,
d) Libraries containing compounds with specific molecular property diversity and
property profiles (i.e., solubility, lipophilicity, etc.),
e) Libraries containing natural compounds
f) Libraries containing drug clinics or in the clinical stages of discovery, useful for a

drug repurposing campaign.

Several chemical databases are available in which numerous chemical compounds can be
selected, such as PubChem (N=111 million pure and characterized chemical compounds)
[392], ZINC (N=230 million purchasable compounds) [393], MCULE (N=122 million
synthetically accessible compounds) [394], ChemSpider ( N=25 million unique chemical
compounds) [395], ChEMBL (>1.6 million distinct compounds) [396], and DrugBank
(N=14528 drug molecules) [397].

Molecular docking is accomplished with drug-like compounds, which are selected and
filtered using Lipinski’s rule of five plus their ADMET parameters. Several other risk
parameters can be used to improve the selection of drug-like compounds, such as
carcinogenicity, hepatotoxicity, acute rat toxicity, serum glutamic oxaloacetic transaminase
elevation, and inhibition of 3A4 oxidation of midazolam [359]. According to Lipinski’s rule
of five, a drug-like compound is orally bioactive if its physicochemical properties are
between specific limits, such as molecular weight MW < 500, partition coefficient between
n-n-octanol and water logP <5, number of hydrogen bond donors HBD < 5, and number of

hydrogen bond acceptors HBA < 10 [398].

Some normally used ADMET properties can be predicted, which comprise P-glycoprotein
(P-gp) inhibition, human gastrointestinal absorption (HIA), cytochromes P450 (CYP)
inhibition, blood-brain barrier (BBB) permeation, and plasma protein binding [399].

Another important property to consider is the synthetic accessibility of these compounds.
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The compounds analysis can be filtered using several online tools, such as Chembioserver
[400] and FAF-Drugs2 server; The latter one can filter compounds by their ADMET and

physicochemical properties, while identifying key functional or undesirable moieties [401].

Additionally, the compounds in analysis must be without fragments such as counter-ions,
metals, and solvent molecules. Furthermore, all compounds require assigned bond order and
filled valences, partial charges, a right protonation state at physiological pH or at the pH of
interest, and proper tautomeric states [402, 403]. This process is usually accomplished by a
Ligand preparation process. This phase is usually performed by the docking programs
themselves, such as Autodock Tools [404], LigPrep [405], MOE [406], MAPS platform
[407], DISI [408], Pipeline Pilot [409], or Hyperchem [410].

2.3 Molecular Docking

Several software have been developed to “dock™ chemical compounds into a biological
target while predicting the geometry of the bound state and how strongly each compound
can bind the binding site of the target. Molecular docking methods are largely applied in
drug discovery, biological research, and many other fields. They are used to determine novel
molecules that can strongly bind to proteins and nucleic acids. Moreover, they can be used
to reveal how a ligand can influence the structural conformation and adaptability of the target
[411]. Molecular docking approaches permit more efficient ligand optimization, a key part
of drug discovery in which stronger binding, improved efficacy, reduced toxicity, and fewer
side effects are required [411]. Docking is mainly used to predict interactions between
proteins and small molecules, compounds with fewer than 100 atoms, but it can also be
applied to perform protein-protein docking, protein-nucleic acid (DNA and RNA), or
peptides and macrocycles [412, 413].

Molecular docking predicts the binding pose of the compound with the most energetically
favorable geometry when bound to the target, determined by the 3D coordinates of each
atom regarding the compound and the target. Moreover, docking estimates an associated

binding affinity, which quantifies the degree of binding by the compound to the target [411].

The docking methods require two input files: a 3D structure of the target and the chemical

structure of the compound/ligand.
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In many cases, an approximate binding site needs to be indicated to the software, often
specified by a 3D box within which the compounds are placed. This method, defined as
targeted docking, allows the discovery of new ligands or gathers knowledge about where a

specific ligand is likely to bind [411].

Docking methods are developed to predict binding poses that would match an equivalent
structure resolved experimentally by crystallography or cryogenic electron microscopy
(cryo-EM), and since our predictions are, of course, less accurate than experimental
methods, but it is way faster and cheaper, and it does not require the synthesis of every
compound under investigation [411]. Notably, the results of docking depend on the accurate
structure of the target that is used, and the predicted binding pose and binding energy are
estimations of the binding pose and binding energy for the specific target structure under

analysis.

Several molecular docking tools are avaialable to perform protein-ligand interaction studies,
such as Autodock [414], AutoDock Vina [415], GOLD [416], CDOCKER [417], FlexX
[418], Surflex [419], GLIDE [420], DOCK®6 [421], SwissDock [422], and HDOCK [423].

Molecular docking methods have two main components:
1) A scoring function that estimates the binding energy of the compound in a pose

2) A sampling procedure that looks at the space of potential poses to investigate the

pose that has the most favorable score predicted by the scoring function.

1. Sample potential

candidate binding poses
2. Score candidate poses -2 kcal/mol -10 kcal/mol -3 kcal/mol -8 kcal/mol
3. Select the best-scoring pose Predicted binding energy (minimum across candidate poses)

Predicted binding pose

Figure 5: Description of scoring function and sampling procedure.

The pose with the most favorable score is classified as the predicted pose, and the score

associated with the pose is the predicted binding energy.
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2.3.1 Scoring Functions

Scoring functions assess a candidate binding pose, and they evaluate the energetic profile of
the ligand in that pose. Most molecular docking software uses empirical scoring functions
[424], in which specific terms describe several protein—ligand interactions that are important
for determining the binding energy, and the parameters associated with these interactions are
tuned to mirror experimental measurements. Moreover, most scoring functions include
penalty scores to penalize overlapping atoms and electrostatic repulsion. In contrast, other
interactions, such as electrostatic attraction, hydrogen bonding, and favorable van derWaals

interactions, are rewarded.
Furthermore, scoring functions usually include ligand-only terms defined as ligand strain:

A) The entropic penalty is associated with a constraint that keeps the ligand in the

binding pocket.

B) The enthalpic penalty of the ligand is associated with the adoption of a shape
specified by the candidate binding pose.

These scoring functions are empirical and contain fit parameters to agree with experimental
data. Specifically, scoring functions are adjusted to maximize the accuracy regarding
predicting binding poses, binding energies, or the best binders between a set of compounds
[425, 426]. The overall score is calculated considering all individual terms, and many other

scoring functions are available [427].
2.3.2 Sampling Procedures

The sampling procedure evaluates the candidate binding poses to identify the one that should
be predicted as most favorable by the scoring function. Particularly, the sampling procedure

explores several degrees of freedom:
1. The position and orientation of the ligand relative to the target

2. The shape of the ligand itself in the pose, which could change based on internal rotations

around single bonds

3. Optionally, local reorganization of the target structure
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The sampling procedure catalogues all possible candidate poses while assessing the scoring
function on each ligand to identify the most favorable score. Additionally, most advanced
molecular docking tools use scoring functions to aid in steering the sampling procedure. For
example, search algorithms like Markov chain Monte Carlo [428], exhaustive search using

approximate scoring functions [429], or advanced genetic algorithms [430].

Usually, the sampling procedures employed in molecular docking do not reproduce the
actual binding of the ligand. In fact, performing the actual binding on large compound
databases would be extremely slow, specifically since a ligand can bind and dissociate from
the target many times before remaining in its most favorable pose. The sampling procedure
quickly goes through the space of possible binding poses to discover the global minimum.
One important trade-off when choosing a docking method is the comparison between
runtime and thoroughness in the search protocol. In fact, many molecular docking software
are developed to run quickly without performing a thorough sampling for individual ligands
[431]. This trade-off is critical for screening large compound libraries; In fact, when a high
accuracy selection is required, the running time of the pose for every single ligand is much
less of a concern. Some docking software packages, such as Glide from Maestro ®, allow

the researcher to adjust the thoroughness of sampling and so the runtime [420].
2.3.3 Ligand Optimization

Binding poses can be predicted by docking and then used to lead to an optimization of a
ligand’s binding affinity by structure modifications, such as chemical additions, deletions,
or substitutions to make the ligand more affinative to the binding site. The ligand affinity
can be estimated by calculating the binding free energy values. These, predicted and obtained
from molecular docking, can be used to compare chemical modification of the same ligand,
though with low accuracy [432]. Moreover, poses predicted by molecular docking are
mainly used as starting points for further simulations, including MD simulation—based

methods, aimed at increasing the accuracy of the ligand binding free energy values.

In other words, molecular docking and predicted binding poses can offer valuable insights
into the structural mechanisms underlying how ligands modulate target function.
Specifically, when both agonist and antagonist ligands are discovered for a target protein,
the variations in their docked poses can highlight the interaction profile of each molecule

[433, 434].
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Furthermore, docked poses can furnish information about how receptors can recognize their
endogenous ligands and how those ligands influence receptor function [435, 436]. Finally,
molecular docking can provide a starting pose for MD simulations [437—441]. This is a
powerful combination, because molecular docking can constitute a static pose, without
analyzing structure rearrangements, while MD simulations can provide information related

to the movements of ligand-target complexes [442], simulating the real induced-fit effects.
2.3.4 Molecular Dynamics Simulations Approaches

A major limitation of classic molecular docking methods, as well as flexible receptor
docking, is that each score is computed based on a single ligand pose and target
conformation. To evaluate the motion of the ligand and the receptor, MD simulations, which
simulate the motions of all atoms in the molecules of interest [442], can drastically increase
the accuracy of docking, at the cost of demanding more computational resources. MD
simulations are becoming more accessible, thanks to the improved availability of graphics
processing units (GPUs), and more accurate, thanks to upgrades in the quality of the

molecular force fields [443, 444].

The best way to use MD simulations to predict a binding pose and energy is by running a
long simulation of the ligand-target complex to obtain a stable bound state of the ligand in
the binding pocket of the target. The alchemical MD simulations method can estimate the
difference in binding free energy between a pair of similar ligands [445]. This technique
requires information regarding the binding poses, and it can predict the binding energies
spread around a family of structurally similar ligands with higher accuracy than traditional

docking scoring functions [446].

The estimation of the absolute binding free energies of individual ligands can be
accomplished for each binding pose [447, 448]. These methods rank chemically diverse
ligands in virtual screening, but they are substantially less accurate and more
computationally intensive than those used to compute relative binding energies of similar
ligands. MD simulation—based methods suitable for binding pose prediction have been
proposed [449, 450]. These methods use customized simulation procedures that are much
less computationally expensive than alchemical methods to assess the stability of several

candidate binding poses.
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2.3.5 Machine Learning Approaches

Recently, Machine learning (ML) methods have been used to improve the accuracy and
applicability of docking. The application of Machine learning scoring functions (MLSFs)
improves the accuracy of the empirical scoring functions used in classical docking [451—
456] because several new parameters are included in the scoring functions compared to

empirical scoring functions.

MLSFs learn directly from the data by using a simple representation of a candidate binding
pose to grasp information, such as 3D coordinates and the elements of the atoms [457], and
can consider receptor flexibility into the evaluation implicitly [458, 459]. MLSFs'
development has been aided by training and benchmarking datasets [460].

Another method to accelerate VS approaches is by approximating the molecular docking

process by applying ML models [461-463].

Moreover, various generative modeling protocols and genetic algorithms can predict output

compounds compatible with a target with favorable docking scores [464, 465].

The advancement of this technology could break through classic CADD methods, improving

the results while saving computational time.
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2.4 Binding Free Energy Prediction Methods
The equation that describes the Ligand-Receptor complex interactions is:
L+ R <RL
L: Ligand, R: Receptor, RL: Ligand-receptor complex

The binding strength or affinity can be measured to evaluate the stability of the RL complex
relative to the unbound states associated with L and R on their own. The binding strength is
determined by the binding free energy, usually called AGuping [466]. The relationship between
the binding free energy and the equilibrium dissociation constant Kq is described by the

logarithmic formula:
AGpina = RT In K4

R: The universal gas constant (1.987 cal/mol K).
T: Absolute temperature in Kelvin.
K: The concentration of ligand at which 50% of the receptors are occupied.

A more negative AGuing Value is associated with a more stable complex and a higher binding
affinity, corresponding to a smaller equilibrium dissociation constant (Kq4). The binding free

energy relies on two forces:

AGpinga = AH — TAS

AH: Enthalpy
T: Absolute temperature in Kelvin
AS: Entropy

The enthalpy (AH) represents the heat released or absorbed by the system when the ligand
interacts with the target while forming specific bonds with the receptors, such as hydrogen

bonds, van der Waals forces, and electrostatic interactions.
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When the enthalpy value increases by a large amount, it suggests that there is a high degree
of shape complementarity between ligand and receptor, which can be described with the

induced fit.

The entropy AS represents the change in the disorder of the system. After binding, the ligand
can lose conformational, translational, and rotational entropy due to the reduction of its
degrees of freedom inside the binding pocket. During the entry of a hydrophobic ligand into
the binding pocket or its binding to the target, it releases water molecules, causing an
increase in disorder and solvent entropy. This gain in solvent entropy, defined as the

hydrophobic effect, is a major driving force in biomolecular recognition.

An accurate determination of binding free energy is one of the most significant tasks in
biomolecular studies; in fact, it drives all molecular processes, such as protein folding,

molecular association, and chemical reactions [467].

From a biomolecular system, it is possible to measure the thermodynamic properties by
several expensive and time-consuming experiments. So, the application of precise
theoretical calculations of binding free energies is crucial in SBDD and LBDD [468-472],
protein folding [473, 474], conformational changes of macromolecules [475], solubility of
small molecules [476, 477], protein-protein interactions (PPIs), protein-ligand binding
affinities and interactions [478-483], etc. In these areas, the binding free energy difference
(AG) is calculated for an event or the relative free energy of two states, and it is usually used
in drug design to describe the binding strength between a receptor and a drug molecule
through numerous available theoretical methods, often with a trade-off between accuracy

and efficiency [484-486].

3 main approaches used in drug discovery are: Alchemical free energy (AFE), [486-489]
molecular mechanics Poisson—Boltzmann surface area (MM/PBSA), and molecular

mechanics generalized Born surface area (MM/GBSA) [489-491].

AFE methods are theoretically rigorous and accurate, which necessitate the interconversion
of the system from an initial state to a final state through infinitesimal alchemical changes
of the energy function. Moreover, AFE methods have a slow convergence of the AGs, and
they require a high computational cost [487]. The convergence of the AGs is difficult in
systems characterized by slow conformational transitions or massive environmental

reorganizations [487].
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There are two techniques mainly used for AFE computations: Free energy perturbation

(FEP) [492-496] and thermodynamic integration (TI) [497-500].

End-point free energy methods [501-505] are based on samplings of the final states of a
system, computationally less expensive than AFE methods and more accurate than most
docking scoring functions, and the most well-known endpoint-free energy methods are

MM/PBSA and MM/GBSA [489-491].

MM/PBSA and MM/GBSA methods can quantitatively characterize the binding details of
ligand—receptor systems and are mainly used for small-molecule drug design, SBVS, and
lead compound optimization [506-512]. These Endpoint free energy methods are
advantageous for the prediction of the interactions between macromolecules, such as
protein-protein [513-521], protein—peptide [522-527], and protein—nucleic acid interactions
[528-539].

Moreover, these methods can be used to re-score docking poses to identify the correct
binding poses, since they are more precise, and rank the ligands under investigation by their

binding affinities [540-549].

Table 2: Description of the different binding free energy methods, pros, and cons

Method Accuracy Cost Typical Use
FEP/TI Very high Very high Lead optimization

MM/PBSA Medium-High Medium Absolute AG

MM/GBSA Medium Low Ranking / rescoring
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Both methods are mainly used to evaluate and/or identify [550, 551]:
A) Docking poses
B) Predicted binding affinities
C) Hotspots
D) Structural stability
E) Contributions from single residues
F) Energy terms by free energy decomposition analysis

G) Dominant interactions in the binding process.
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Figure 6: MM/PBSA and MM/GBSA formulas and components
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MM/PBSA and MM/GBSA share most of the components, while only the calculation of the
polar contribution is specific to the two methods. Meanwhile, nonpolar energy is estimated
by evaluating the solvent-accessible surface area (SASA) [552]. Between them, the

MM/GBSA method is much faster in resolving the polar solvation energy equation.

The conformational entropy AS calculation is performed on conformational snapshots
gathered from MD simulations. However, this calculation has a high computational cost, and
in fact, changes in AS are usually ignored when only the relative binding free energies of

similar ligands are needed.

To obtain good results in the calculation of the AG, an explicit solvent model applied in MD
simulations is vital [553]. Additionally, numerous published research papers demonstrate
that the results of the MM/PB(GB)SA methods are dependent on the system and length of
the MD simulations [554]. In fact, when the number of frames under analysis is low, it is
hard to evaluate with MM/PB(GB)SA the incidence of numerous substates/rare events. In
that case, the AG may have a large standard error/standard deviation [555, 556], and to avoid
that, longer or several independent simulations need to be carried out to obtain better results
[556]. An improvement was achieved in MM/PBSA predictions by discriminating MD
snapshots/frames through a pre-evaluation of protein—ligand complexes using an ML-based
approach (SVMSP) [557]. Moreover, MD sampling can help improve predictions;
meanwhile, minimized conformations can yield optimal predictions that may even surpass
those obtained by MD simulations [558, 559]. Nevertheless, the AG values can be calculated
by MM/PB(GB)SA on a single minimized frame or on numerous MD frames. When a single
minimized structure is gathered from an MD simulation, the AG calculation costs much less
computational time, but it ignores the dynamic components, determining predictions that are

mainly dependent on the starting structures [466].
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With MM/PBSA and MM/GBSA methods, the AG prediction strongly depends on:
A) Force field [559]
B) Charge model [559]
C) Continuum solvation method [560]
D) Interior dielectric constant [560]
E) Sampling method [558]
F) Conformational entropy [561]

The MM/GBSA method is largely used because it is highly computationally efficient, and it
can give better performance in ranking the binding affinities for systems without metals, but
it is worse than MM/PBSA in calculating the absolute binding free energy [467]. Moreover,
MM/GBSA and MM/PBSA methods have numerous weaknesses. The conformational AS is
usually computed by normal-mode analysis (NMA), and it can determine mistakes in the
overall AG calculation and is usually very time-consuming [562-573]. Because of that, when
structurally similar molecules are under analysis, and their conformational AS values are
similar, this AS is ignored, and only the relative AG values of those ligands are calculated,

causing a probable overestimation of the AG itself [467].

Furthermore, the estimation of AG from highly polar or charged molecules by
MM/GB(PB)SA methods could not be precise, because the uncertainty in the calculation of
the solvation energy is proportional to the polarity of the considered molecules [467, 574].
Moreover, Machine-learning approaches represent a promising strategy to improve
MM/PB(GB)SA-based binding free energy calculation and structure prediction in the
coming years, specifically when a large amount of data concerning high-quality

experimental structures and binding data becomes available [466].
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2.5 Artificial Intelligence and Drug Discovery

Artificial intelligence (Al) is a machine that relies on computers to learn from a huge amount
of data, defined as training datasets. Al has numerous real-world applications thanks to the
wide availability of new computer hardware, such as graphical processing units (GPUs)
[575]. The recent and gradual improvement of this technology has allowed the Al methods
to predict biological activities and toxicities of drug molecules [576]. Moreover, Al can be
applied in drug discovery (protein folding, protein-protein interaction, de novo drug design,
VS, QSAR, evaluation of ADMET properties) [577]. In fact, this groundbreaking technology
has invaded drug discovery in all aspects of this process [578—580]. The two most powerful
methods that are mainly used in drug discovery are Machine Learning (ML) and Deep
Learning (DL) [581]. Several ML algorithms are available nowadays, but the ones in drug
discovery are Random Forest (RF) [582], Naive Bayesian (NB) [583], and support vector
machine (SVM) [584].
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Figure 7: Application of Al in drug discovery [585]
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2.5.1 Machine Learning

ML methods use algorithms to gather and collect data, learn from it, and then make a
prediction regarding any new data sets. To accomplish these predictions, the Al model is
trained using large and high-quality data to improve their performance and overall accuracy.
Thanks to this information, the Al model learns how to perform the task required by the

operators [575].

ML algorithms are mainly applied to decode problems for which a large amount of data and
countless variables are available [575], and their predictive power depends on these data. To
obtain good results, the data needs to be complete, accurate, and tuned to amplify the
predictability when used for the training segment [575]. Another method to improve the

quality of the ML model is by performing feature selection before model building [586].
ML methods can be applied in two main techniques: supervised and unsupervised learning.

In the supervised learning methods, the goal is to predict future values for specific categories
or continuous variables [575], and the model is trained with known input and output data
that are correlated by tight relationships, making it possible to predict forthcoming outputs
for new inputs. The unsupervised methods are mainly used for exploratory purposes to create
models that can perform clustering of the data, and they can detect hidden patterns or

fundamental structures inside the input data [575].

At the moment, Al is applied in all stages of drug discovery and development, comprising
clinical trials, and the development and application of ML algorithms are aiming to identify
novel targets [587], supply stronger marks for target-disease associations [380], enhance
design and optimization of small-molecule ligands [588], improve the understading of the
underlying mechanisms of a disease, increase knowdledge of phenotypes associated with
disease and non-disease conditions [589], create new biomarkers for drug efficacy, prognosis
and progression [590], expande the available analyses of biometric and supplemental data
from patients observations and wearable devices, augment digital pathology imaging [591]
to extract high-quality information from pictures [575]. One of the main issues associated
with Al is model overfitting, which occurs when the model acquires the input training data
plus uncommon features that will be included in the final model, causing a decrease in
performance of the model on new data. To reduce this phenomenon, resampling methods or

restraining sections of the training data to use as a validation set are worth considering.
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Several regularization regression methods can impose penalties on parameters as the model
intricacy increases, forcing the model to simplify the data and not overfit. Another available
protocol to significantly decrease overfitting is the dropout method [592], which removes

sections in the hidden layer in a random manner.

When a model can’t be built with a specific training set or cannot generate new data, we are
observing an underfitting problem. Several gold standard datasets are available, together

with an independent dataset, which can be used to generate well-performing models [575].
Moreover, ML algorithms can be applied to predict druggable genes that are associated with:
1) Specific diseases [593]
2) Regulation/homeostasis [593]
3) Ageing [594]
4) Alternate splicing and disease-specific variants [595]
5) Cancer/drug response and drug effects from omics data [596]

6) Proteins that can bind small molecules [597]
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2.5.2 Deep Learning

Deep Learning (DL) is a subset of Al that mimics a brain's neural networks to learn from
large amounts of data, allowing machines to solve complex problems, and it is the most
promising in big data. Several DL methods are available, such as deep neural network
(DNN), restricted Boltzmann machine (RBN), recurrent neural network (RNN), and
convolutional neural network (CNN). Moreover, multi-level deep neural networks (DNNs)
can be developed to detect features from large datasets of unlabelled or labelled training data
[598]. DL methods' complexity and scale are way above any other Al methods; In fact, in
neural networks, input features are given to an input layer, and after numerous nonlinear
transformations using hidden layers, the predictions are created by an output layer (Figure

8).
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Figure 8: Scheme representation of a Deep Neural Network.

The backpropagation of errors allows for reducing the difference between the obtained and
the expected values of the output, and this method is indispensable to optimizing DL

algorithms. Each output node corresponds to a task to be predicted.

DNN algorithms can be applied in drug discovery, especially for bioactivity prediction

[599], de novo molecular design, synthesis prediction, and biological image analysis [600].

As mentioned before, several different DL methods are available, and each of them is

designed to perform a specific task.
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Deep convolutional neural networks (CNNs) are mainly designed to work on spatial and
image data and speech and image recognition. Structure-wise, they have some sections of
the hidden layers locally connected to the next hidden layer. The main advantage of CNNs
is that they can operate with high efficiency at capturing local patterns, such as edges or

textures, while lowering the number of parameters under analysis. (Figure 9)
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Figure 9: Representation in steps of the CNN methods

Recurrent neural network (RNN) algorithms are designed like a chain of multiple modules
of NN that have connections between nodes, constituting a directed graph along a sequence.
These methods possess “memory”’, endowing them with the ability to process sequences of
data, such as SMILES strings. They can be applied when it is important to predict the
chemical properties of molecules based on the specific order of atoms/characters.

Input
layer

Figure 10: Representation of a simple RNN algorithm

Fully connected feedforward networks (FCFN) have a unique structure, where every input

neuron is connected to every neuron in the next layer.
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It’s classified as a standard multi-layer architecture, and it can be used for basic classification
and regression tasks in drug discovery. The key characteristic of this method is that data can

flow only in one direction, without loops or cycles.
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Figure 11: Representation of a classical FCFN algorithm

A deep autoencoder neural network (DAEN) is an unsupervised learning algorithm that aims
to reduce the size of the system. To perform that, it uses backpropagation to project its input
to its output [601], while maintaining the important random variables of the data, and
removing the non-essential sections. This method is mainly applied to identify with good
accuracy the most critical chemical features present in large datasets, performing high-
quality, efficient screening processes.

Generative adversarial networks (GANs) contain two networks where one generates content
and the other classifies that content. This system creates and discriminates the new content
at the same time, making it possible to invent new molecular structures that could mimic the

properties of known active ligands

JUDGES WICH IMAGES
REAL ARE REAL/FAKE

FAKE
IMAGES/NOISE

EXAMFLE DISCRIMINATOR

GENERATOR

Figure 12: Illustration of a standard GAN algorithm
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DNN s can be used on several occasions, such as drastically improving the predictive power
when the aim is to understand the properties and activities of small molecules [602] and
planning efficient routes of chemical synthesis. Another strong application of DL is

molecular de novo design through reinforcement learning [603].

An example of the strong role of DL is well described by the researchers at AstraZeneca
[603]. In fact, they used RNN methods to expand chemical space by fine-tuning a sequence-
based generative model to design ligands with optimal solubility, bioactivity,

pharmacokinetic properties, and other parameters.

Multi-task DNNs are optimal for predictions of lead identification/optimization, since they
can synthesize data from numerous different biological sources [604] thanks to the presence
of multiple nodes in the output layer. DL methods were applied for the first time in 2012
regarding the drug discovery process [605], attaining a higher accuracy prediction of

ADMET properties compared to traditional ML methods [606].

Moreover, Al methods can also identify preclinical candidates at lower cost with high time-
efficiency, while accurate predictions of binding affinity between a ligand and a target

receptor remain challenging.
2.5.3 Limitations and Challenges

ML approaches are frequently used in several steps of the discovery and development
pipeline by pharmaceutical companies. AI methods are data-driven, and their performance
heavily relies on the amount and quality of the available data [575]. The requirements for
the desired number and accuracy of the data are highly dependent on the complexity of the
data themselves and the query to be resolved. Furthermore, the generation of these data sets

could be expensive for pharmaceutical companies.
The large implementation of ML methods has numerous issues:

One of the main concerns is related to the lack of interpretability of deep-trained neural
networks, making it difficult to obtain an appropriate explanation from the trained NN on
how it arrives at the result. Another important issue for NNs is repeatability; in fact, ML
outputs are extremely dependent on the order in which training examples are presented to

the network and on the initial values/weights of the parameters (often chosen randomly).
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This poor interpretability and repeatability reduce the possibility of using this powerful
technique for biomarker identification, where different tools predict diverse prognosis
biomarkers for breast cancer by using molecular expression signatures [606]. Since different
ML methods can predict different results, it creates uncertainty about the adoption of these
algorithms on a large scale. Data curation is key to providing reusable data, but it is an
expensive process [607], and it requires advanced computational skills. Moreover, ML

models can only predict within the known framework of the training data [575].

Soon, ML approaches will be applied to collect a large amount of data from several sources
to drastically improve the predictive power of these methods, while helping medical
decision-making concerning therapeutic benefits, clinical biomarkers, and side effects of

therapies [575].
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3. Design Of RNA-Based Drugs Influencing the Autophagy Process
Autophagy is an important, organized process that can selectively capture proteins and old
or damaged organelles in eukaryotic cells and bacteria, using double-membrane vesicles
called autophagosomes. When autophagosomes fuse with lysosomes, in the fusion stage, the
captured components are degraded by the lytic enzymes and acidic environment that are
available in the lysosome itself [608, 609].

The lysosomal breakdown releases several products, such as amino acids and fatty acids,
which are recycled and transported into the cytoplasm, maintaining homeostasis [610].
When the organism is under metabolic stress or an insufficient nutrient supply, autophagy is
rapidly upregulated to produce energy while providing building blocks for essential cellular
functions.

When cells have low nutrient concentrations, such as glucose or amino acids, or are exposed
to hypoxia, they depend on autophagy for their survival [611, 612]. Under physiological
conditions, autophagy degrades harmful components such as damaged organelles,
pathogens, and oxidized biomolecules (proteins, DNA, and lipids) in response to oxidative
stress, preventing cell damage [613].

The autophagy regulators are involved in biochemical pathways that involve mTOR, class
III PI3K (hVps34), Akt, V-ATPase, L-type Ca™" channel, Calpain, proteasome, tyrosine
kinases, histone deacetylase, and others [614—617].

To perform this process, several proteins are involved in the autophagy machinery called
autophagy-related proteins (Atgs). The Atg8 family is responsible for autophagosome
formation, and it facilitates cellular trafficking. In mammals, Atg8 proteins (mAtgg) are
divided into two subfamilies: GABA-A receptor-associated protein (GABARAP) and
microtubule-associated protein 1 light chain 3 (MAPILC3), also known as LC3. The
GABARAP subfamily consists of GABARAP, GARAPLI1, and GABARAPL?2, while the
LC3 subfamily includes LC3A (LC3Aa and LC3Ap as splicing variants), LC3B, LC3B2,
and LC3C [611]. Each LC3/GABARAP family protein is characterized by 2 N-terminal o-
helices and a C-terminal ubiquitin core [618].

The LC3 proteins have a primary role in cargo recruitment, while the GABARAP subfamily
plays a crucial role in autophagosome closure and the recruitment of autophagy participants
[609].

LC3 undergoes several post-translational modifications: it begins as pro-LC3 and is cleaved

by the cysteine protease Atg4B to form its cytosolic isoform LC3-I.

52



During the initiation stage, LC3-I is then bound to phosphatidylethanolamine (PE) to attain
LC3-II. This is finally positioned within the lipid membrane to constitute the
autophagosomes [619]. The LC3-1 and LC3-II levels in cells are the primary markers to
evaluate autophagy activation.

LC3/GABARAP family has a pivotal role in the engulfment of different specific substrates
through interaction with autophagy adaptor proteins such as sequestosome 1 (SQSTM1),
neighbor of BRCA1 gene (NBR)-1, calcium-binding and coiled—coil domain 2
(NDP52/CALCOCO,), BCL2/ adenovirus E1B 19-kDa interacting protein 3-like (NIX/
BNIP3L), optineurin (OPTN), and WD repeat and FY VE domain-containing (ALFY) [613].
These interactions are made possible by their LC3-interacting regions (LIRs) present on the
ubiquitinated substrate/cargo and LC3/GABARAP family proteins [620].

The combination of LC3/GABARAP proteins and adaptor protein is therefore essential in
cargo selection, targeting, and degradation [619]. RNA-binding Proteins (RBPs) can
modulate autophagy by affecting the alternative splicing, stability, or translation of ATG
mRNA [621-624]. When autophagy machinery is dysregulated, various diseases are
associated, including neurodegenerative disorders [625], cardiomyopathies [626], infectious
diseases [627], type Il diabetes mellitus [628, 629], hepatic steatosis [630], and cancer [619,
631, 632]. Internal or external environmental factors can trigger the corruption of the
autophagy process, causing the possible development of these pathologies.

Moreover, autophagy has a role in cancer progression and depends on the phase and context
of disease progression. It can play a pro-survival role, reduce cell death, and promote

resistance to cytotoxic therapies, or it can be associated with cell death [633].
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3.1 Autophagy/L.C3B and Disease/Cancer Implications

The function of autophagy in cancer appears highly complex and may have opposite roles
in different cancer cells, stages, and conditions. Autophagy plays a protective role by
maintaining genome stability and limiting cellular alterations involved in malignant
transformation. For this reason, a reduction in autophagy activity is observed in the early
stages of tumorigenesis. Conversely, in the advanced and metastatic stages of cancer,
autophagy increases, allowing tumor cells to survive and adapt to foreign sites. In addition,
autophagy is activated in cancer cells exposed to various stresses such as anticancer
treatments, leading to chemoresistance [634, 635]. LC3B is the most extensively studied
Atg8 protein in humans. In fact, abnormal expression of LC3B is associated with
autoimmune diseases, neurodegenerative disorders, cardiovascular diseases, and cancer
[636—639]. The high level of LC3B expression is associated with key clinicopathological
indicators of aggressive disease, highlighting its involvement in tumor progression and
aggressive growth [620], and correlates with a poor prognosis in various solid tumors,

including breast cancer, prostate carcinoma, and many others [640—649].

3.2 LC3B: Structure and Functions

LC3B localizes in the nucleus, cytoplasm, endomembrane system, lipid droplets, and
autophagosomal membrane [650, 651] and participates in a wide range of physiological
processes. LC3B contains an LC3-interacting region (LIR) docking site (LDS) that is
associated with the LC3-interacting domain (LID) present in LIR-containing proteins,
thereby enabling interactions with adaptor proteins, autophagy proteins, cargo receptors, and
modulating the autophagic process [652, 653]. LC3B expression is regulated by several
transcription factors, including CCAAT/enhancer binding protein [654], E2F1 [655], c-Jun
[656, 657], and sterol regulatory element binding protein 2 (SREBP-2) [658]. In addition to
transcriptional regulation, LC3B can undergo several post-translational modifications that
are pivotal to modulate autophagy.

LC3B phosphorylation is a key trigger for autophagosome orientation towards the nucleus
and cargo degradation [659]. STK4 phosphorylates LC3B during autophagy, promoting its
interaction with other proteins. This process acts as a directional "switch" governing
autophagy [660]. Several specific amino acids can be phosphorylated (Threonine and Serine
residues), determining different impacts on the autophagy process [661-666].
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During nutrient-depleted conditions (starvation mode), Protein kinase A (PKA) activity is
reduced, causing the rapid activation of LC3B, promoting autophagy [667, 668].

LC3B’s role in autophagy is strongly impacted by the acetylation of Lys residues [668].
When LC3B is acetylated, it accumulates in an inactive form in the nucleus, while
deacetylated LC3B is moved to the cytoplasm to initiate autophagy. These post-translational
modifications regulate LC3B availability and the rapid induction of autophagy [668].

3.3 LC3B and mRNA Regulation

The molecular characterization of LC3B as an RNA-binding protein (RNA-BP) was
discovered by its ability to interact with mRNA through an arginine-rich motif identified by
the three arginine residues (Arg68, Arg69, and Arg70), which is a feature shared with many
other RBPs [669-674]. LC3B prefers mRNAs containing the AAUAAA consensus motif, a
3’ poly-adenylation signal found in the untranslated region (UTR) of most eukaryotic
mRNAs [675, 676]. When LC3B interacts with target mRNAs, it triggers their rapid
degradation, and this process is defined as LC3B-mediated mRNA decay (LMD).

It has been recently discovered that the protein PRMT]1 is one of the main LMD substrates.
PRMT]1 protein is a negative regulator of autophagy, and its efficient mRNA degradation
via LMD facilitates autophagy. LC3B does not interact with all the mRNAs possessing the
AAUAAA motif [677], and additional structural motifs and protein-mediated cues

determine the substrate selectivity.

In this manner, LMD shapes the transcriptome during early autophagy, eliminating the
mRNA/transcripts that could suppress the autophagy process while creating a positive

intracellular environment associated with the cargo degradation [676].
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3.4 Design of XNA Targeting RNA-BD of LC3B

The discovery of LC3B as an RBP and the identification of the arginine-enriched RNA-
binding motif provide an ideal and potential target for the design of LC3B inhibitors. These
compounds could selectively interfere with the LC3B-mRNA interactions, thereby avoiding
the LMD in cancer cells and the degradation of its substrates (including PRMT1 mRNA),

while reducing the impact and efficiency of autophagy on cell survival.

Based on these insights, I focused on the rational design of RNA-based therapeutics targeting
the LC3B RNA-binding motif. The project was executed using a fully in silico protocol
based on molecular docking, MD simulations, MM/GBSA calculations, and the

development of an Al model to predict novel candidates.

The LC3B computational model used in this study was constructed from the 3D coordinates
of chain A of the LC3B complex, retrieved from the Protein Data Bank (PDB accession code
1V49 [650], Figure 14). The original LC3B sequence, which consists of 125 amino acids,
undergoes the removal of amino acids 121 to 125 from the C-terminus. Therefore, the
computational model used in this project represents the pro-LC3B state of LC3B (amino

acids 1 to 120), hereinafter identified as LC3B for simplicity.

Figure 14. Ribbon representation of LC3B (PDB accession code 1V49 [650]). The protein structure is shown
in red ribbons, while the three arginine residues (Arg68, Arg69, and Arg70), identified as the RNA-binding

domain, are highlighted in cyan licorice representation.

In the first step, the sequence AAUAAA with a natural RNA backbone was designed by
Maestro (Schrodinger Inc., USA, version 2021-2), using the build tool, after which a protein
preparation wizard process was performed to optimize the structure retrieved from PDB and
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the RNA sequence. This approach facilitated the initial steps of system setup, encompassing:
(1) assessing the protonation states of residues at pH 7.4, (2) verifying residue completeness,

(3) resolving atomic clashes, and (4) applying the OPLS4 force field.

Moreover, molecular docking calculations were performed using the HDOCK website [423]
to dock the AAUAAA RNA sequence and LC3B to form the starting complex. The docking
site was defined by the three arginine residues (Arg68, Arg69, and Arg70). After that, the
RNA pose with the lowest binding free energy was selected (Figure 15).

Figure 15. Predicted docking pose of LC3B in complex with the short RNA sequence AAUAAA, obtained
using HDOCK. LC3B is shown as a red ribbon with a semi-transparent surface representation, while the
RNA (AAUAAA) is displayed as a green stick representation. The RNA interacts with arginine residues

Arg68, Arg69, and Arg70 (highlighted in cyan).
The resulting complex was solvated in a TIP3P water box [678], with 10 A between the
protein and the box edges. The system was then neutralized by adding a single Cl-
counterion and, to avoid steric clashes, it underwent a multi-step energy minimization

consisting of an initial steepest descent followed by a conjugate-gradient algorithm.

Additionally, the system was gradually heated from 50 K to 300 K with over 20 ps under
constant volume conditions, followed by a 20 ps equilibration phase at constant pressure of

1 atm. This process was accomplished to adjust the overall system density.

Furthermore, two independent MD simulation replicas were carried out for each system.
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The simulations were completed under constant temperature and pressure conditions, 300 K
and 1 atm, respectively, using the Langevin thermostat [679] and Monte Carlo barostat
[680]. The force fields used during these simulations were the ff19SB [681] for the protein,
OL3 [682] for the RNA, and TIP3P [678] for the water molecules. Moreover, the MM/GBSA
method was employed to estimate the ligand-binding free energy for each replica in each
system. The analysis was conducted on 100 representative frames extracted from the

stabilized portion of each MD trajectory, using a 10-frame stride over a total of 1000 frames.

Specifically, the frame selection was performed by visual inspection of the MD simulations
themselves and by analyzing the ligand RMSD vs time plot. After MD simulations, the
conformation representative of the most populated cluster, defined as the cluster centroid,

was selected through the AMBER24/cpptraj cluster analysis tool [683].

Then, aiming at identifying new sequences capable of interacting more strongly with the
LC3B-RNA-binding domain, a single-point mutation protocol was employed at position 3
of the starting RNA sequence (AAUAAA) using only natural nucleobases (Adenine A,
Guanine G, Cytosine C, Thymine T, and Uracil U) (Figure 16). This approach was also
useful for evaluating the sensitivity of our computational method in estimating the effects of
a single RNA sequence mutation. In parallel, to address the RNA backbone pharmacokinetic
issues, PMO and PNA analogs were designed and evaluated using the MD simulations/MM-
GBSA protocol previously described (Figure 16 and Table 3).
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Table 3: Average binding free energies (AG, kcal/mol) and standard error of the mean (SEM) were
calculated using the MM/GBSA method in AMBER24.

Sequence Avg AG £ SEM
(kcal/mol)
RNA
AAUAAA —36.1+£0.8
AACAAA —38.5+0.8
AAGAAA —33.2+09
AAAAAA —48.7+0.9
PMO
AAUAAA —12.7+0.9
AACAAA —19.1+04
AAGAAA —189+1.6
AAAAAA —252+1.3
AATAAA —17.1+14
PNA
AAUAAA —21.9+0.3
AACAAA —46.0+£0.3
AAGAAA —293+0.2
AAAAAA —13.4+0.3
AATAAA —58.0+0.5

| AAUAAA — AAXAAA |

RNA PMO PNA

X =Purines & Pyrimidines

Figure 16. Protocol applied to investigate the functional role of the uracil (U) residue, and to explore the
potential of alternative nucleobases at this position, by designing analogs in which U was replaced with other

natural nucleobases (defined as 'X").

The results obtained highlighted that single-point mutations and backbone modifications can
drastically change the calculated binding free energy of the selected XNA sequences. More
in depth, as reported in Table 3, the sequences with the PMO backbone yielded unfavorable
binding free energy. Conversely, the PNA analogs showed the best results, since the
AATAAA sequence exhibited a binding free energy of —58.0 + 0.5 kcal/mol (Figure 17), a
value 22 kcal/mol lower than that of the starting RNA sequence AAUAAA (—36.1 = 0.8
kcal/mol).
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Figure 17. Structural representation of the PNA AATAAA (depicted in silver licorice representation)-LC3B
complex (shown as a red ribbon with semi-transparent red surface representation). Highlighted in cyan are

the arg68, arg69, and arg70 surfaces.

For this reason, the PNA backbone was then selected for further sequence optimization. In
this study, the main goal was to identify PNA sequences that interact with the RNA-binding
domain of LC3B with the highest complementarity and binding affinity. To this aim, the
PNA AATAAA sequence was selected as a new template to create a new library generated
by substituting each position with natural nucleobases, plus by implementing simultaneous

modifications at all six positions (Figure 18).

XATAAA
AXTAAA
AAXAAA
AATXAA
AATAAA —- AATAXA PNA
AATAAX
XXTXXX

XXXXXX

X = Purines & Pyrimidines derivatives

Figure 18: Systematic modification strategy of the AATAAA PNA template. A library of PNA sequences
was generated by incorporating natural nucleobases, highlighted with the red X.
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3.4.1 Design of PNAs and Development of an AI Model

The resulting library of PNA sequences was used as a training dataset to develop a new Al
model to discover novel PNA sequences endowed with high binding affinities. This work
was carried out in collaboration with Prof. F. Gentile and his lab members at the University
of Ottawa, Canada. In this effort, the initial training set consisted of 42 PNA sequences,

randomly selected from the residue mutations described in Figure 18.

Simulating them in complex with LC3B by MD simulations, the estimation of the ligand
binding free energy suggested that a single point mutation can drastically change the binding

mode and interaction profile, as highlighted by the AG values reported in Table 4.

Table 4. Average AG values for the PNA sequences training set, grouped by the most frequent nucleobase in
each sequence (Thymine, Cytosine, Guanine, Uracil, Adenine), as well as several mixed-base combinations.

Sequence Avg AG + SEM Sequence Avg AG + SEM
(kcal/mol) (kcal/mol)
GATAAA —212+0.2 CATAAA —38.0+0.5
AGTAAA —222+04 ACTAAA —286+0.3
AAGAAA —293+0.2 AACAAA —46.0+0.3
AATGAA —10.0+0.3 AATCAA —287+03
AATAGA —24.8+0.3 AATACA —225+0.2
AATAAG —29.1+0.2 AATAAC —19.6+0.2
GGTGGG —22.7+03 CCTCCC —143+0.2
GGGGGG —286+0.2 cccccece —24.4+03
TATAAA —279+03 UATAAA —9.7+0.2
ATTAAA —10.6+0.3 AUTAAA —133+0.2
AATAAA —58.0+0.5 AAUAAA —219+03
AATTAA —9.0+03 AATUAA —133+03
AATATA —18.0+0.3 AATAUA —7.0+0.2
AATAAT —22.8+03 AATAAU —31.5+0.3
TTTTTT —11.1+03 UUTUUU —189+0.2
AAAAAA —134+03 uuuuuu —11.9+04
AATAUU —14.4+03 AATTCC —358+04
AATCGA —342+0.2 AATTCG —129+03
AATCGG —40.4+0.3 AATUAT —18.4+04
AATCTA —215+04 AATUTU —203+03
AATGCG —17.6+04 AATUUU —21.7+03
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Then, from each LC3B/PNA complex, a set of molecular descriptors and fingerprints was
calculated for 1000 representative frames extracted from the MD simulations used for the
MM/GBSA calculation. In this way, the 1D, 2D, 3D, and 4D descriptors were calculated
only for the PNA sequences of each complex. Vega ZZ [684] supports the visualization and
analysis of MD simulations, among other computational chemistry tasks, and CDK is a Java-

based descriptor calculation tool. Below is a list of descriptors calculated by these tools.
e Hybrid: BCUT and WHIM

o Constitutional: AlogP, Acidic Group Count, Aromatic Atoms Count, Aromatic
Bonds Count, Basic Group Count, Bond Count, Element Count, Largest Chain,
Largest Pi Chain, Lipinski's Rule of Five, Longest Aliphatic Chain, Mannhold LogP,
Molecular Weight, Rotatable Bonds Count, Xlog,

e Topological: Carbon Types, Chi Chain Indices, Chi Cluster Indices, Chi Path
Indices, Chi Path-Cluster Indices, Eccentric Connectivity Index, FMF, Fragment
Complexity, Hybridization Ratio, Kier & Hall SMARTS, Kier and Hall kappa
molecular shape indices, Molecular Distance Edge, Moreau-Broto Autocorrelation
(charge) descriptors, Moreau-Broto Autocorrelation (mass) descriptors, Moreau-
Broto Autocorrelation (polarizability) descriptors, Petitjean Number, Topological
Polar Surface Area, VABC Volume Descriptor, Vertex adjacency information

magnitude, Weighted path descriptors, Wiener Numbers, Zagreb Index

e FElectronic: Atomic Polarizabilities, Bond Polarizabilities, Charged Partial Surface

Areas, Hydrogen Bond Acceptors, Hydrogen Bond Donors

e Geometrical: Gravitational Index, Length Over Breadth, Moments of Inertia,

Petitjean Shape Indices

These data were used to develop the active learning (AL) Al model, an iterative machine
learning approach that, unlike traditional supervised learning, trains a model on a static
dataset before deployment. AL allows for the strategic selection of training samples in each
iteration to optimize the model’s performance. Moreover, AL is especially suitable for cases
where we don’t readily have access to the labels of our data or when labeling is time-

consuming and expensive.

In AL, instead of labeling every sample at the beginning of training, specific samples are

selected and labeled based on an acquisition function, and then the model is trained.
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Acquisition functions determine which samples require labeling in each iteration of the

active learning cycle.

In other words, the acquisition function defines the strategy that we use to determine which
samples should be selected to be labeled and then added to the training set for the next cycle
of training. The Input files for the AL are usually a labeled training set and a larger set of
unlabeled samples. The outcomes after each iteration are sets of acquired samples from the

unlabeled samples, which are sent to the domain expert to provide labels.

Generally, based on the goal of our study, different types of acquisition methods can be used.
For instance, we use a very straightforward acquisition function called “maximum predicted
probability” (MPP). This is an exploitative method, and as the name suggests, it selects the
samples that the learning model is most confident about, i.e., from the unlabeled set, the
samples with the highest predicted probability of belonging to a certain class are chosen for
labeling. After each training round, information related to the MD simulations and molecular
descriptors was calculated and used as input for the next step, improving, after each round,
the Al model accuracy and precision. Specifically, we performed three rounds of iteration to
improve the quality of the Al model, and all the sequences analyzed for each round are

described in Tables 5, 6, and 7.
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Table 5: Binding free energy values of the sequences predicted in the first round.

Rank | Sequence | Avg AG £+ SEM (kcal/mol)
1 UAGGAG —21.0+£0.3
2 TGGGGG —44.8 £0.3
3 CAGGAG —223+03
4 AAGGGG —14.1+£0.3
5 AAGGAG —26.9+0.3
6 UGGGGG —37.4+03
7 TGGAGG —252+0.2
8 CGGAGG —27.7+£0.2
9 AGGGAG —11.1+£0.2
10 | UAAAAG —25.0+£0.3
11 | GGAAGG —23.7+£0.2
12 | TAGAAA —12.8+0.3
13 | GAGGAG —26.5+£0.2
14 | CAAAAG —33.2+0.2
15 | AGGGAA —26.7+£0.3
16 | UAGAAG —223+0.3
17 | TGGAGA —24.7+£0.3
18 | AAAAGA —26.1£0.2
19 | AAAAGC —13.2+£0.3
20 | CAGAAG —10.2+£0.3
21 | AGGAGG —28.6£0.2
22 | GAGGAA —234+04
23 | CGGGGG —20.5+£0.2
24 | CAGAAA —24.7+£0.3
25 | CCGAGG —7.5+£0.2
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Table 6: Binding free energy values of the sequences predicted in the second round

Rank Sequence Avégkfﬁlrtsg M Rank Sequence szgkﬁﬁ/;fl];: M
1 AGGGGG —39.2+0.2 26 UCAGGG —44.4+0.3
2 AGAAAG —39.6 £0.2 27 CGACGG —59.6+£0.3
3 AAAAGG —43.8+0.3 28 CGAAAA —49.0+0.3
4 AGAAAA —45.1+04 29 AGGGCG —46.8 £0.3
5 AAGGGA —52.8+0.4 30 AGGGGA —46.2+0.3
6 AAGGAA —44.4+0.3 31 TGGGCG —38.7+0.3
7 TAGGGA —51.7+0.3 32 AAGAAG —43.5+0.3
8 AGGAGA —48.4+0.3 33 AGAGGG —55.1+0.3
9 TAGAAG —49.1+0.4 34 CAGCAG —48.8 £0.3
10 GGGAGG —43.1+0.3 35 TCAGGG —46.2+0.3
11 TAGGAG —47.3+0.3 36 UAGAAC —41.2+0.3
12 GGAGGG —56.4+0.3 37 TAACAG —51.9+0.2
13 UCAGAG —46.5+0.3 38 TAAAAG —43.8+0.3
14 AAAAAG —51.7+0.3 39 AAGGCG —51.8+0.4
15 CGGCGG —473+03 40 GAGAAA —41.7+04
16 AAAGGA —44.7+0.3 41 CGGGAA —39.8+0.3
17 CACAAG —41.4+03 42 UCGAAG —50.0+04
18 GAAGAG —49.2+£0.3 43 UCGAGG —41.5+0.4
19 CGGAGA —52.9+0.3 44 AACAAG —49.2+0.3

20 UGGAGG —443+0.3 45 GGGGGC —45.0+04
21 AAGAGG —43.1+0.2 46 CGGUGG —43.2+0.3
22 CAGGAA —44.0+0.3 47 UACGGG —50.3+0.3
23 AAAGGG —53.6+0.3 48 TGCAAG —44.8 £ 0.5
24 GAAAAA —41.8+0.3 49 CGCGAA —444+04
25 GAAAAG —51.8+£0.3 50 CGGGGU —39.2+0.3
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Table 7: Binding free energy values of the sequences predicted in the third round

Rank Sequence Avfgkfﬁ/:lfll; M Rank Sequence Avégkﬁﬁ/:lfll;: M
1 TGGCGG —42.6+0.3 26 CGGAGC —41.7+0.3
2 UGGCGG —499+0.4 27 AGGGUG —57.6+0.4
3 UGGAGA —44.7+0.3 28 CACGGG —53.0+£0.3
4 CGGGCG —46.8 +£0.3 29 UUGGGG —46.7+0.3
5 UCGGGG —40.1+0.3 30 TGGAGC —49.7+04
6 CCAGGG —51.4+0.3 31 TGGGGU —51.3+0.3
7 UGGGCG —579+04 32 TAGGCG —39.9+0.3
8 UGGGAA —48.6 0.3 33 UGGUGG —42.7+0.3
9 AGGCGG —59.6 +£0.3 34 CUGGGG —42.4+0.3
10 TGGGGC —51.1+£0.3 35 CGAUGG —41.4+0.3
11 CCGGGG —40.0+0.3 36 UGGCGA —60.3+0.4
12 TCGGAG —37.8+0.2 37 TGGGUG —48.1+£0.2
13 GGGGGA —62.9 + 0.4 38 CGGGUG —42.4+0.3
14 CGGGGC —47.7+£0.3 39 CCGGAG —42.6 +0.2
15 TCGAGG —42.8+0.3 40 UGGAGC —47.6+04
16 GGGGAG —555+0.3 41 GGGAGA —50.9+0.3
17 GAGGGG —50.0+0.2 42 UAGGGC —42.0+0.3
18 UGGGGC —42.3+£0.2 43 GAGGGA —54.0+04
19 UGACGG —573+£0.4 44 CGGUGA —36.5+0.3

20 TGACGG —52.0+£0.3 45 AGGGAC —452+0.3
21 CAGGGA —49.0+0.4 46 GGGGCG —48.6+0.4
22 GCGAGG —48.7+0.3 47 UAGGCG —39.1+£0.3
23 CGCGAG —39.7+0.3 48 TACAGG —51.1+0.5
24 UAGGGA —49.4+0.3 49 GAGAAG —44.8 £0.3
25 AGCAGG —42.4+0.3 50 AGGAAG —472+0.3

Finally, the sequence analysis of the top 25 sequences predicted by the AI model (Figure
19) shows that Guanine and Adenine are the most probable nucleobases at positions 2 to 6
for most rounds, while the first position shows high variety. This analysis established how

structurally similar the best sequences were to each other, identifying a recurrent pattern.
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Sequence Logo

Position

Figure 19: Sequence logo representing the positional nucleobase probability distribution calculated from the

25 sequences with the lowest binding free energy values.

Thanks to this approach, new sequences with lower binding free energy, compared to our
starting template, were discovered, assessing how the Al model was progressively tuned to

perform the task. The top 5 sequences found by this approach are depicted in Table 8.

Table 8. Average AG values of the top 5 sequences simulated in this project.

Sequence | Avg AG £ SEM (kcal/mol)
GGGGGA —62.9+04
UGGCGA —60.3+04
AGGCGG —59.6+0.3
CGACGG —59.6+£0.3
AATAAA —58.0£0.5

In conclusion, the PNA sequence identified by this approach was GGGGGA (—62.9 = 0.4
kcal/mol) (Figure 20), which displayed an improvement of 5 kcal/mol in the calculated
binding free energy value, compared to the starting AATAAA sequence (—58.0 £ 0.5
kcal/mol) (Table 8) and 26 kcal/mol, if compared to the RNA AAUAAA sequence (—36.1
+ 0.8 kcal/mol). These values look very promising, considering the high similarity among
the natural nucleobase structures, and constitute a good starting point for the development

of new PNA containing non-natural nucleobases.
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Figure 20: Structural representation of the PNA GGGGGA (depicted in green licorice representation)-LC3B
complex (shown as a red ribbon with semi-transparent red surface representation). Highlighted in cyan are

the arg68, arg69, and arg70 surfaces.

3.4.2 Synthesis, Biophysical, and Biological Assays

The synthesis of the PNA with sequence AATAAA was accomplished in Prof. Romanelli’s
lab, University of Milan. Once available, it was tested using Microscale Thermophoresis
(MST), a versatile, robust, quantitative method that is largely used to quantify the interaction
between interacting molecules, such as proteins and small molecules. This technique detects
molecule interactions by quantifying the thermophoretic movement of fluorescent molecules
in response to a temperature gradient. The effect of different concentrations of the
nonfluorescent ligand on the movement of the fluorescent molecules is quantified to assess
the interaction between molecules. If the fluorescent molecule interacts with the ligand, the
molecular properties of the compounds, such as charge, size, and hydration shell, will

influence the molecular motility [685].

In these experiments, the average Ka value obtained testing the PNA with sequence
AATAAA was 13.0 £ 7.8 nM, a very low value supporting the goodness of the

computational design approach.
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Figure 21. The figure illustrates a dose—response binding curve obtained from the MST experiment
evaluating the interaction between PNA sequence AATAAA and LC3B. The x-axis reports the ligand
concentration on a logarithmic scale (from ~107"' to 10~ M), while the y-axis displays the normalized

fluorescence (FNorm) in %o units. The green circles represent the individual measurements, measured FNorm
values at each titration step, with vertical error bars showing the variability between replicates. A single

outlier-like point is displayed in grey.

Furthermore, viability assays were performed on PNT2 cells by M. Garofalo’s group,

University of Padua, and PC3 cells by R. Moretti’s Lab, University of Milan.
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Figure 22: A) Cell viability of PNT2 cells treated with increasing concentrations (0.5-5 uM) of control or
PNA AATAAA. B) Cell viability assay performed on PC3 cells treated with PNA AATAAA (0.1 nM-1
uM), with a considerable effect at 1 uM. C) Western blot analysis of LC3-I/LC3-II and LC3-II/LC3-I ratios
after treatment with PNA AATAAA (1 uM) and/or rapamycin (100 nM); tubulin was used as a control. D)
PRMT 1/tubulin ratios after treatment with PNA (1 uM), rapamycin (100 nM), or both, showing raised
PRMT1 levels with the combination of both compounds.
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The attained results suggested that the prototypical PNA with sequence AATAAA displayed
several significant features, starting with its safety on PNT2 cells (Figure 22A) and the
cytotoxicity on PC3 cells (Figure 22B). Furthermore, the ligand showed the ability to
interfere with the induced autophagy flux, promoted by rapamycin (100 nM), by strongly
reducing the LC3-II/LC3-I ratio (Figure 22C). Moreover, the PNA AATAAA ability to
reverse the decrease of PRMT1 expression induced by rapamycin confirmed that it can

interact with the RNA-Binding domain of LC3B (Figure 22D).

To conclude, other biological assays are ongoing to investigate the PNA’s ability to
modulate the autophagy machinery. The synthesis of PNA sequences endowed with the best
predicted affinity to LC3B, identified by the Al model, is ongoing in Prof. A. Romanelli's
lab.

Overall, this project demonstrated that an in silico approach, integrated with experimental
validation, can design useful ligands that target and modulate the autophagy machinery in
prostate cancer cells, constituting a starting point for the design of new and innovative

anticancer RNA-based drugs.
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4. Design of RNA-Based Drugs as HMGBI1 Inhibitors

High mobility group box 1 (HMGBI) is a highly conserved nucleoprotein belonging to the
group of nonhistone chromatin-associated proteins. It was first extracted from calf-thymus
chromatin in 1973 and named for its high mobility in gel electrophoresis [686]. HMGBI1 is
a multifunctional protein involved in a variety of cellular biological properties, depending
on its subcellular localization, post-transcription modifications, and affects numerous
cellular processes by modulating chromatin structure [687, 688]. Participating in the
regulation of transcription, chromatin remodeling, recombination, and DNA repair [689-
691], HMGBI can bind several proteins, and these interactions are important for HMGBI1’s
activity and function [692].

To play these functions, the human HMGBI1, which comprises 215 amino acid residues,
contains: 1) two DNA-binding domains: the HMG-A box domain (sequence 9—79 amino
acids) and the HMG-B box domain (sequence 95—163 amino acids) [693], 2) a nine amino
acid loop connecting the And B boxes, 3) a highly disordered negatively charged C-terminal
tail (composed of continuous aspartate and glutamate residues) (sequence 186—215 amino

acids) [694], and 4) a functionally important N-terminal region.

Figure 23: Ribbon representation of the human HMGBI1 protein predicted by Alphafold 3. The structure
comprises two DNA-binding domains, A Box (red) and B Box (blue), a long tail (green) connected by a
flexible linker (purple). The cysteine residues are highlighted in yellow.
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The two HMG boxes of HMGBI are structurally similar to a characteristic DNA-binding
domain consisting of 3 alpha helices (helix I, helix II, and helix IIT) and two loops (loop I

and loop II), which then arrange in an “L” shape with an angle of 80° between the two arms

[695-698].

Compared with the B box, the A box has a higher alpha-helix content and is more positively
charged and straight than that found in helices I/II [699, 700]. The short arm contains helix
I and helix II, whereas the long arm contains helix III and an N-terminal unstructured

segment in parallel with the helix.
4.1 HMGBI1 Localizations
HMGBI can be found in four main compartments:

Nucleus: Nuclear HMGB1 acts as a DNA chaperone with DNA-binding and bending
activities, regulating many key DNA events and being involved in DNA repair, transcription,
telomere maintenance, and genome stability [701, 702]. HMGBI1 can translocate from the
nucleus to the cytoplasm after post-translational modifications, including acetylation,
phosphorylation, and methylation [687]. HMGBI is normally located in the nucleus and
translocates to the cytosol, including mitochondria and lysosomes, in response to various
stressors (e.g., cytokines, chemokines, heat, hypoxia, H>O», and oncogenes). The loss of
HMGBI1 or increased HMGBI1 translocation from the nucleus to the cytoplasm could
increase DNA damage, decrease DNA repair efficiency, and increase cell death in response

to chemotherapy, irradiation, and oxidative stress [692].

Cytoplasm: The main function of HMGBI1 in the cytoplasm is to act as a positive regulator
of autophagy, by binding with proteins involved in this pathway [703]. Moreover, it is
involved in immune responses by increasing autophagy, inhibiting apoptosis, regulating

mitochondrial function [704], and regulating autophagy in cancer cells [705].

Membrane: HMGBI1 has been reported to be present on cell surface membranes involved in
neurite outgrowth and axonal sprouting [706], platelet activation [707, 708], cell
differentiation [709], erythroid maturation [710], adhesion [711], cell migration [687], and

innate immunity [712].

Extracellular: Extracellular HMGBI1 is involved in numerous processes, such as
inflammation, immunity, immune cell migration, invasion, proliferation, differentiation,

antimicrobial defense, and tissue regeneration [692].
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HMGBI is a danger signal in inflammatory conditions, including autoimmunity, cancer, cell
growth, and cell proliferation/death [713, 714], and is massively released into the

extracellular space by dead or dying cells.

During apoptosis, necrosis, cell scorching, and injury resulting from various stimuli, such as
irradiation, hypoxia, and hyperthermia [715], soluble HMGB1 can be released into the
extracellular space in large quantities by these dead or dying cells and elicit inflammatory

responses in vitro and in vivo [716].

Several studies have demonstrated that endogenous stimuli, exogenous microbial products,
and infections with various pathogens can induce active secretion of HMGBI1 by immune

cells, endothelial cells, epithelial cells, fibroblasts, or other cells [717-720].

HMGBI induces the release of cytokines and chemokines from immune cells, mainly caused
by ligand-receptor interactions. In monocytes and neutrophils, HMGBI induces the
secretion of several pro-inflammatory cytokines, such as IL1-, TNF-a, and IL-6 [713].

In addition, extracellular HMGBI1 can exert chemotactic effects and support the upregulation
of vascular adhesion molecules, thereby impairing the epithelium barrier function [721].
Hence, extracellular HMGBI1 has a powerful ability to coordinate different immune

responses in the tumor microenvironment.

Another aspect is that the redox state of HMGB1 influences its functions [722, 723]. In fact,
the nuclear and cytosolic environments are characterized by a negative redox potential that
maintains HMGBI in reduced form (fr-HMGB1). During an inflammatory process, the
extracellular space, enriched in reactive oxygen species, drives a disulfide bond between
Cys23 and Cys45 of A Box (ds-HMGBI1) [724]. ds-HMGBI1 activates TLR2 and TLR4,
inducing the release of proinflammatory chemokines and cytokines, activating innate and
adaptive immune responses. On the contrary, fr-HMGB1 binds to the receptor for advanced

glycation end products (RAGE), modulating autophagy [725, 726].
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Figure 24: HMGBI functions in the cells. serves as a DNA chaperone, a promoter of cellular stress
responses, and a damage-associated molecular pattern (DAMP). These functions are influenced by various
factors, including post-translational modifications, redox status, subcellular localization, cell types, as well as

receptors and binding partners [727].

4.2 HMGBI1 Inflammation and Diseases

HMGBI dysregulation has been implicated in several pathologies, particularly autoimmune
diseases and inflammation. Specifically, HMGBI is found associated with hepatic infectious
diseases [728], severe pulmonary inflammatory diseases, including COVID-19 [729].
Additionally, HMGBI is reported to be an important factor in the development of
Rheumatoid Arthritis (RA) [730, 731], and its suppression can inhibit the disease
progression [732-737]. Also, HMGBI1 is closely associated with Systemic lupus
erythematosus (SLE), an autoimmune disease characterized by autoantibody production and
systemic inflammation involving multiple organ systems [737]. Moreover, in type 1 diabetes
mellitus (T1DM), HMGBI can be passively released from damaged pancreatic cells and

actively secreted by islet-infiltrating immune cells [738].

HMGBI1 may also be involved in the pathogenesis of Autoimmune Thyroid Diseases
(AITD), such as Hashimoto’s thyroiditis (HT) and Graves’ disease (GD), which are organ-
specific autoimmune diseases characterized by lymphocytic infiltration of the thyroid gland

[739-742].
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4.3 HMGBI1 in Cancer

HMGBI is overexpressed in most tumors, including leukemia, hepatocellular carcinoma,
and gastric and colorectal adenocarcinomas [743]. The aberrant expression of HMGB1 has
been demonstrated and is closely associated with proliferation and metastasis in breast
cancer cells [744, 745]. In HCC, HMGB1 mediates tumor growth by interacting with
intracellular TLR9 under hypoxic conditions and attracts macrophages to the tumor site,

leading to enhanced metastasis [746, 747].

HMGBI plays a protective role in tumor suppression, tumor chemoradiotherapy, and
immunotherapy. The loss of HMGBI1 results in genome instability, autophagy deficiency,

and increased apoptosis, leading to tumorigenesis [748].

In this scenario, HMGBI1 appears to play paradoxical roles during the development and
therapy of cancer. In fact, excessive HMGB1 production caused by chronic inflammatory
response seems to be associated with tumorigenesis. In established cancers, HMGB1

produced by tumor cells may aggravate inflammation-related immunosuppression.

For instance, LPS induced the release of pro-inflammatory cytokines such as IL-1p, IL-6,
and TNF-a in a HMGBI1-dependent manner, improving colon cancer progression [749].
Furthermore, extracellular HMGBI1 enhances chemotherapy efficacy by promoting tumor
cells from apoptosis to senescence [750, 751], increasing the release of cytokines such as
IL-6 and IL-8, which stimulate tumor cells' proliferation, angiogenesis, EMT, invasion, and
metastasis. Moreover, nuclear and cytoplasmic HMGB1 promote autophagy and inhibit
tumor cells' apoptosis, inducing chemotherapy resistance [750]. Additionally, it was
discovered that the intracellular HMGBI1 can function as a tumor suppressor by binding

tumor suppressor proteins.

Moreover, HMGB1 can mediate immunogenic cell death during chemoradiotherapy,
enhance anti-tumor immunity, recruit inflammatory cells, and mediate interactions with
Natural Killer (NK) cells, dendritic cells (DCs), and macrophages. Activated NK cells
provide an additional source of HMGBI1, which is released into the immunological synapse
between NK cells and immature DCs, promoting the maturation of DCs [752]. Moreover,
several transcription factors, such as p53, retinoblastoma (RB) proteins, and NF-kB family
members, can enhance their oncogenic activities through direct interaction with HMGB1
[753, 754]. Lastly, HMGBI1 has emerged as a biomarker with prognostic and/or predictive

value in various types of tumors.
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Predictive biomarkers provide insights into treatment efficacy, aiding in treatment decision-

making, while prognostic biomarkers offer information about patient outcomes [727].

HMGRBI is being used as a biomarker in several types of cancer, such as breast cancer,
cutaneous T-cell lymphoma, ductal carcinoma, endometrial, esophageal, gastric, lung,
prostate, ovarian, and kidney cancers. Serum and tissue HMGBI levels are correlated with
tumor immunoreactivity, size, differentiation, stage, grade, lymph node involvement, distant
metastasis, and overall survival [755]. Therefore, modulating HMGB1 may provide a
potential combination strategy for cancer chemoradiotherapy and immunotherapy, and
targeting chromosomal architectural HMGB1 may provide a new perspective for cancer

therapy [756].
4.4 Therapeutic Strategies Targeting HMGBI1 in Cancers

Numerous therapeutic strategies have been proposed to target HMGBI1 in cancer, aiming to
directly or indirectly inhibit its expression, translocation, release, and activity. These
strategies encompass a wide range of approaches, considering antibodies, peptides, proteins,
RNAI, chemicals (including natural products and clinical drugs), the inhibition of HMGBI1
receptors and signaling pathways, and cell-based therapies [727]. Hereinafter, a list of the

available therapeutics described in the literature to target HMGBI1 in a cancer environment:

The antibody Cetuximab [757] induces HMGBI release, specifically described for head and
neck cancer. PKHBI is a Thrombospondin-1 peptide mimic designed to induce HMGB1’s
release, mainly for breast cancer [758]. Meanwhile, RAGE antagonist peptide (RAP)
competes with HMGBI for a site on the extracellular domain of RAGE, useful for breast

cancer and non-small cell lung cancer [759].

Many other peptides were developed to target HMGBI1 for several different cancer types
[760-763]. Additionally, several RNA-based drugs are also in development to target
HMGBI expression [764-772]. miRNAs like miR22-3p, miR-107, and miR-410 are useful
for inhibiting HMGB1 expression in several cancers, such as gastric, lung, and bladder
cancer [773-792]. Moreover, several small molecules were developed to target HMGBI,
such as apicidin, docetaxel, lisavambulin, docosahexaenoyl, genistin, imiquimod, sivelestat,
abemaciclib, aspirin, carbenoxolone, chloroquine, enzalutamide, irinotecan, mifepristone,
mitoxantrone, nafamostat, oxaliplatin, pemetrexed, rafoxanide, and many others [793-830]
could be used to inhibit or induce HMGBI1 release targeting melanoma, breast, lung,

pancreatic cancers, and many more (Figure 25).
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Figure 25: Examples of small molecule antagonists of HMGBI1: A) Structure of Abemaciclib, B) Structure

of Aspirin, C) Structure of Chloroquine, and D) Structure of Carbenoxolone

Furthermore, a list of natural chemical compounds, such as alantolactone, alternol,
berberine, capsaicin, curcumin, glycyrrhizin, ginsenoside Rg3, oleandrin, P2Et, piceatannol,
resveratrol, shikonin, triptolide, quercetin, diflunisal, and vitexin [831-848] could be useful

to target HMGBI in several types of cancer (breast, gastric cancer, etc.) (Figure 26).

Figure 26: Examples of natural antagonists of HMGB1: A) Structure of Quercetin, B) Structure of Ethyl
pyruvate, C) Structure of Shikonin, and D) Structure of Diflunisal
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4.5 Design of XNAs as Potential Inhibitors of HMGB1

In this project, we aim to design new XNAs endowed with inhibitory activity on HMGBI.
In this work, a set of in silico approaches, i. e., molecular docking, MD simulations, and
MM/GBSA calculations, was applied to evaluate and rank new RNA analogs. The final goal
was to inhibit the interaction between HMGB1 and DNA in cancer, to reduce its influence

on cancer growth and inflammation.

The study began with structure identification; utilizing the work of Sanchez Giraldo et al.
[849], we selected an NMR-derived structure (PDB: 4QR9; Figure 27) featuring two A Box
domains interacting with a double-stranded DNA molecule (dsDNA). This HMGBI1
structure presents a high homology to the human HMGB1 form and was obtained from

Rattus Norvegicus.

Figure 27: Structure of HMGB1-dsDNA complex (accession code: 4QR9). The model consists of two A
boxes of HMGBI (red), in complex with dsDNA filaments (green)

For that reason, the protein was converted to the human form thanks to the tools available in
Maestro®. Furthermore, the part of the dSDNA that was not interacting with the protein was
removed, while the 10-nucleotide palindrome sequence was maintained, obtaining the
complex shown in Figure 28. The dsDNA sequence consisted of the following nucleotides:

5> ATATCGATAT 3’
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Figure 28: Starting complex consisting of two A Box (red) with the short dsDNA sequence (green).

After forming the starting complex, we investigated the shortest possible sequence capable
of interacting with a single A Box. This study aimed to uncover which nucleobases are
involved in the complex stabilization between the dsDNA and the HMGB1 DNA-binding
domain. Consequently, the initial complex was built using the computational procedure

previously described for LC3B, obtaining the system depicted in Figure 29.

Figure 29: HMGBI (red ribbons) in complex with dsDNA (green) inside the 10A waterbox created by
System builder (red).
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Furthermore, two 250-ns MD simulation replicas were performed using the Desmond
algorithm in Maestro to evaluate how the DNA sequence interacted with HMGBI1. Finally,
the Prime module [850] of Maestro was employed to calculate the ligand AG values. Here,
the MM/GBSA single-trajectory approach was applied, neglecting the entropy contributions
to the binding free energy. Specifically, 200 representative frames were selected for
estimating the binding free energy. To shed light on the interaction between HMGB1 A Box
and the DNA sequence, the two A boxes were separated while keeping the dsSDNA bound to
the protein, forming Complex A and Complex B (Figure 30). This approach enabled the
evaluation of binding stability and interaction profiles at the DNA-binding domain for each

complex, revealing the dynamic conformational properties.

Figure 30: Isolated HMGB1-A Box-DNA complexes.
Complex A and B, with the A Box domain (red) and its bound dsDNA (green).

By this process, Complex B showed a lower average binding free energy than Complex A,

with —55.0 £ 3.8 kcal/mol and —42.0 + 4.2 kcal/mol, respectively, as described in Table 9.

Table 9: Binding free energy (AG) of isolated A Box-DNA complexes

Avg AG £ SEM
Complex Backbone (keal/mol)
A DNA —42.0+4.2
B DNA —55.0+3.8
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Considering this result, complex B was selected for further studies to identify a more
compact active DNA sequence. From the Complex B MD simulations trajectory, the frame
in which the dsDNA displayed the lowest binding free energy, detected by the MM/GBSA
calculation, was selected and used to evaluate which strand of the DNA duplex (5‘or 3¢) had
a better interaction profile in complex with HMGBI1-A box. In this regard, two new A
box/ssDNA complexes were created, each containing the HMGB1-A Box bound to a single
10-nucleotide strand (5' or 3").

Table 10: Binding free energy of A Box bound to single DNA strands

Avg AG = SEM
Complex Backbone (keal/mol)
B + 5’ filament DNA —86.6 £ 5.2
B + 3’ filament DNA —48.5+4.3

As shown in Table 10, complex B, bearing the 5°‘filament, acquired a AG (—86.6 £ 5.2
kcal/mol) value lower than the 3‘filament (—48.5 + 4.3 kcal/mol). Consequently, it was
further investigated to determine the minimal sequence endowed with the highest affinity on
the A box. As shown in Table 11, at the end of this process, the 4-nucleotide sequence
ATAG showed the best compromise between length and binding free energy (—75.3 £ 7.2
kcal/mol) (Figure 31).

Table 11: Effect of sequence truncation on binding free energy.

Sequence Backbone Avfkﬁﬁ /:IEIE; M
TATAGCTATA DNA —86.6 £5.2
TATAGCT DNA —84.7+4.9
TATAG DNA —82.3+5.8
ATAG DNA —753+7.2
TAG DNA Unbinding
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Figure 31: ATAG sequence (green licorice) in complex with A Box of HMGBI (red ribbon and light purple
for the surface)

4.5.1 Design of XNA Analogs of ATAG ssDNA

Here, the ATAG sequence was used as a template for a backbone and sequence optimization
study, in which RNA and XNA backbones, such as PNAs, PMOs, Serinol nucleic acids
(SNAs), and, lastly, Morpholino  amino acids, reported in literature by Contini et al [851]
and herein defined as MPaa (Figure 32), replaced the natural ssDNA.
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Figure 32. XNA backbones used in this study. A) DNA B) RNA C) PNA D) SNA E) PMO F) MPaa

Using the appropriate Maestro tools and applying MD simulations and the MM/GBSA
protocol, our calculations revealed that the MPaa backbone performed slightly better than

other backbones (average AG =—86.5 £ 8.6 kcal/mol).
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Table 12: Comparative binding free energy of natural and XNAs backbones.

Sequence Backbone Avfkﬁ:l;llingll;: M
ATAG Mpaa —86.5+ 8.6
ATAG SNA —84.1+5.3
ATAG PNA —76.4+6.9
ATAG DNA —753+7.2
ATAG RNA —68.7+10.4
ATAG PMO —64.1+£5.0

In fact, as can be observed in Table 12, the lowest ligand binding free energy was obtained
with the MPaa backbone, making it a new starting point for the sequence optimization
process. To this aim, 32 randomly generated MPaa sequences, containing the five natural
nucleobases (A, C, G, T, and U), were designed and simulated in complex with the A box.
At the end of these calculations, the sequence GAGG displayed the lowest binding free
energy value (—127.5 + 5.8 kcal/mol) (Table 13).

Table 13: Comparative binding free energy of MBaa sequences

Sequence Avg AG * SEM Sequence Avg AG £ SEM
(kcal/mol) (kcal/mol)
GTAG —110.5+4.7 GAAG —110.5+£59
TTAG —76.3+3.8 GCAG —122.1+5.6
CTAG —96.6 +4.4 GUAG —113.6+5.2
UTAG —99.0+5.0 GGAG —1200+5.4
AAAG —81.1+4.8 GAGG —127.5%*5.8
AGAG —100.1£5.1 GACG —101.0£5.2
ACAG —84.7+49 GATG Unbinding
AUAG —96.2+5.0 GAUG —1039+5.2
ATCG —74.8+4.5 GGGG —1109+53
ATGG —85.6+49 GGCG —1175+55
ATTG —78.8+4.6 GGTG —119.0+5.6
ATUG Unbinding GGUG —108.0+5.1
ATAA —83.7+4.8 GAGA Unbinding
ATAC Unbinding GAGT Unbinding
ATAT Unbinding GAGC —112.4£5.1
ATAU Unbinding GAGU Unbinding
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Before proceeding with the synthesis, the MPaa’s N- and C-termini were substituted by
introducing the acetyl group at the N-terminus and converting the C-terminus primary amide

into a carboxylic acid (Table 14).

Table 14: Binding free energy differences determined by the N- and C-ferminus modifications with Acetyl
and Carboxylate groups on MPaa backbone GAGG sequence.

Sequence N-term C-term szgkég/:ufll;: M
GAGG (ref) -NH, -CONH, —127.5+5.8
GAGG -NHAc -CONH, —76.3+5.3
GAGG -NH, -COOH —129.8 £4.6
GAGG (opt) -NHAc -COOH —1348+54

The attained results (Table 14) suggested that both N- and C-termini can marginally affect
GAGG’s average binding free energy. In Figure 33, the pose of the GAGG N- and C-termini
modification (GAGG-opt), which illustrates how the nucleobases interact with the surface
of HMGBI, establishes a specific rearrangement of the DNA binding domain of the A box.
In fact, the enriched purine scaffold sequence is perfectly adapted to the surface of HMGBI.
Specifically, the 7 kcal/mol AG improvement was driven by a new interaction between the
C-terminus and the guanidinium group of Arg5 residue of HMGBI1, forming a new hydrogen

bond-assisted salt bridge.
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Figure 33: Structure of GAGG-opt ligand (orange licorice) bound to HMGB1 A box, shown (red ribbon)
with light-purple molecular surface, with the molecular surface of Arg5 highlighted in blue. On the right,

focus on the position of the carboxylic group and Arg5.
4.5.2 MBaa Backbone Modification

In the last step of this study, we evaluated the effect of further backbone optimization of the
Mpaa, which contained glycine residues (Figure 34). Nevertheless, the synthetic procedure
allows the use of multiple amino acids, obtaining MBaas with heavy chains. The presence of
amino acid side chains can influence the conformational mobility of the resulting Mpaa,
offering also the possibility of adding functional groups that can create new interactions with

the biological target.
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Figure 34: A) Building block of the Maa, constituted by a modified PMO backbone, in which glycine and

alanine residues can be used to connect individual monomers. B) The MBaa monomer unit [851]
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The GAGG-opt Maa sequence contains three glycine residues, but as assessed by visual
inspection of the MD simulation trajectories, only the glycine at position 2 was located on
an HMGB1-A box surface with sufficient space to accommodate bulky groups (Figure 35).
Consequently, the glycine at position 2 was substituted with eleven amino acids,
representative of the main types of amino acids (considering polarity and steric hindrance of

the side chain), and simulated in complex with HMGB1-A box, as depicted in Table 15.

Figure 35: Structure of MPaa GAGG opt (orange licorice) bound to HMGB1-A box shown as red ribbon

with light-gray molecular surface.
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Table 15: Effect of glycine 2 mutation on the predicted binding affinity of MPaa GAGG sequence.

+

Side chain Avfkfglmfll;: M
Tyrosine —149.3+6.3
Phenylalanine —143.6 £7.1
Methionine —139.5+£5.6
Tryptophan —138.7+£5.6
Alanine —136.1 + 6.5
Lysine —135.1£7.5
Aspartic acid —134.14+9.2
Leucine —131.8+6.7
Arginine —125.8+£59
Serine —125.0£6.8
Histidine —124.1+£5.9

Overall, the best-performing glycine mutations were associated with bulky and hydrophobic
amino acids, specifically tyrosine, phenylalanine, and tryptophan (Table 15). Among them,
the tyrosine analog displayed the lowest predicted average AG value (—149.3 + 6.3) (Figure
36).

Figure 36: The MBaa GAGG-opt Tyr2 (orange) is shown bound to the DNA-binding domain of HMGB1
(red ribbon, light purple transparent surface). On the right, focus on the interaction of Tyr2 and the new
pocket on the HMGB1-A box, and with Tyr11 (red).

88



The structural basis for the 15 kcal/mol improvement in the estimated binding affinity of
MpBaa GAGG-opt involved the Tyr2 side chain occupying a newly created pocket near the
A box DNA-binding domain. This configuration assists the creation of a hydrogen bond with

the A Box-Tyrl1 OH group and is further reinforced by a n—r stacking interaction.

The effectiveness of the applied structural optimization was further confirmed by comparing
the RMSD profiles of the two lead MPaa candidates with the DNA ATAG sequence (MBaa
GAGG opt, and MBaa GAGG opt Tyr2). The improvement observed in ligand stability,

illustrated in Figure 37, demonstrates the robustness of the optimization process.

RMSD (A)

Wi oA
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Time (ns)
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- DNA ATAG e Mpaa GAGG opt e MBaa GAGG opt Tyr2
Figure 37: Root-mean-square deviation (RMSD) over MD simulation time of ligand-protein complexes.

In conclusion, several new interactions improved the stability and binding affinity of the
tyrosine analog of the GAGG-opt Maa, for which a binding free energy value of —149.3 +
6.3 kcal/mol was predicted. It is interesting to note that the sequence optimization protocol
on ATAG (—=75.3 = 7.2 kcal/mol) led to a two-fold enhancement of the estimated binding
affinity of the Mpaa considered in this study.
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4.6 Biophysical Experiments
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Figure 38: Microscale Thermophoresis experiment: The figure illustrates a dose-response binding curve
obtained from the MST experiment evaluating the interaction between HMGB1 A box and Mpaa GAGG prot
with Tyr in position 2. The x-axis reports the ligand concentration on a logarithmic scale (from ~107° to 102
M), while the y-axis displays the normalized fluorescence (FNorm) in %o units. The red circles represent the
individual measurements, FNorm values at each titration step, with vertical error bars showing variability
between replicates.

The most promising MPaa was synthesized in Prof. S. Pellegrino’s Lab (University of
Milan). Then, the compound was tested using MST experiments (Figure 38) to measure the

binding affinity on the HMGB1-A box recombinant protein.

The obtained result showed a binding curve displaying a Kq value of 26.9 £ 1.36 uM,
confirming the theoretical data. Further biological assays are ongoing to investigate their in
vitro biological activities in collaboration with Dr. Emilie Venereau (San Raffaele Hospital,
Milano). The aim is to evaluate the effects of these MBaa on muscle cell vitality. Moreover,
the anti-inflammatory profile of these ligands will be investigated on suitable in vitro assays

developed to evaluate the effects of the HMGBI inhibition.
4.7 Conclusion

In this study, computational approaches have been applied to design novel XNAs
specifically targeting the HMGB1 DNA-binding domain. The application of this in silico
workflow facilitated the optimization of the initial sequence into a new XNA, a process
supported by RMSD plots and AG values. Ultimately, this sequence optimization analysis
highlights how specific nucleobases deeply impact ligand dynamics and their interaction
profiles with HMGBI, providing a predictive framework for identifying new lead candidate

molecules.
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5. Design of Aptamers Interacting with HIV GP120

The human immunodeficiency virus type 1 (HIV-1) was first isolated in 1983 [852, 853] and
associated with the acquired immunodeficiency syndrome (AIDS) in 1984 [854, 855].
Experimental evidence suggested that the first zoonotic transmission to humans occurred
between 1920 and 1940 in Central Africa, when HIV originated from numerous cross-
species transmission events from simian immunodeficiency viruses (SIVcepz; HIV-1) and
West African sooty mangabey monkeys (SIVsmm; HIV-2) [856]. HIV is a member of the
Lentivirus genus [857], a member of the Retroviridae family (retrovirus), that contains a
genome that consists of two identical copies of single-stranded RNA (ssRNA) molecules
[858]. HIV is divided into 2 main groups: HIV type 1 (HIV-1) and HIV type 2 (HIV-2). The
HIV-1 variants are classified into four major groups: group M (main), group O (outlier),
group N (non-M/non-0O), and Group P. Among them, group M is responsible for most
infections in the worldwide HIV-1 epidemic and is the main agent of AIDS [859, 860].
HIV-1 remains a global health crisis, having been responsible for 35.7 to 51.1 million deaths,
with over 40.8 million people currently living with HIV-1 worldwide in 2024, and with
approximately 1.3 million new infections annually, as reported by WHO [860]. The virus
transmission occurs principally through sexual intercourse [861], by contact with infected
blood, and by reusing or sharing contaminated syringes and needles [862]. Furthermore,
vertical transmission is when HIV is transmitted from a pregnant mother to the fetus or
newborn, either during pregnancy, during delivery, or by breastfeeding [863].

Multiple issues are related to HIV, such as its high genetic variability/mutation rate, with
multiple quasispecies (genetically related variants), which allows the virus to overcome host
immunity and the effects of drugs and prophylactic interventions [864]. Specifically, HIV’s
variability is determined by three factors:

1) The “error-prone” reverse transcriptase, which introduces, on average, one substitution
per genome per replication round (RNA replication error rate of about 1 in 10%) [865, 866].
2) Rapid viral replication, which generates a high number of virions per day in the infected
individual [867].

3) The ability of multiple diverse HIV strains to recombine genetic material in the host cell

of the same infected individual, creating circulating recombinant forms (CRFs) [868, 869].

91



5.1 HIV Morphology
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Figure 39: Representation of a mature HIV-1 virion, illustrating its lipid membrane, envelope glycoproteins,
GAG and POL proteins, and the viral RNA genome (gRNA).

HIV virions have an average diameter of 120 nm, and their RNA genome consists of 9,750
nucleotides [869-871], containing all the information required to synthesize the 15 proteins
necessary for the replication and assembly of new virions in infected host cells [872, 873].
The mature virions consist of a lipid bilayer envelope that contains several host cell proteins
plus ~7-35 envelope trimers (ENV) composed of Glycoprotein 120 (GP120-SU) and
Glycoprotein 41 (GP41-TM) [874-879]. The envelope covers the internal viral core, which
is formed by the matrix protein (P17-MA), a highly myristoylated protein that mediates
membrane association. Beneath the matrix lies the viral capsid, which is composed of 1000-
1500 cone-shaped hexameric capsid proteins (P24-CA) [880]. The capsid protects two
copies of positive-sense single-stranded genomic RNAs (gRNAs) bound to nucleocapsid
proteins (P7-NC), preventing their degradation by nucleases. Furthermore, the mature virion
contains essential viral enzymes, such as reverse transcriptase (P66-/P51-RT), integrase

(P32-IN), protease (P10-PR), and accessory proteins VPR, VIF, and NEF [881].
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5.2 Replication Cycle and Role of GP120
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Figure 40: Schematic overview of the HIV-1 replication cycle [882].
The HIV replication can be summarised in six steps, as shown in Figure 40.

1. Binding and entry: The entry of HIV consists of three main events: virus binding to
the cell, activation, and fusion with the host cell. The viral envelope glycoprotein
ENV, composed of the heterodimer proteins GP120-SU and GP41-TM as
aforementioned, targets cells by recognizing CD4, which is present on the cell
surface of =60% of circulating T-lymphocytes, on T-cell precursors (present at the
bone marrow and thymus), on monocytes/macrophages, eosinophils, dendritic cells,
and microglial cells of the central nervous system (CNS). Right after the formation
of the complex GP120-SU-CD4, the virus envelope complex rearranges its structure,
exposing a specific domain that binds chemokine receptors on the host cell
membrane. The most common chemokine coreceptors used by HIV are C-X-C motif
chemokine receptor type 4 (CXCR4) and chemokine receptor type 5 (CCRS5) [883].
The formation of the complex GP120-CD4, plus one chemokine receptor, allows for
a stable association of the virus with the host cell. After that, the membranes fuse
[884-886], followed by the delivery of the virion content into the host cell cytoplasm
[887].

2. Uncoating: After the entry of the capsid into the cytoplasm, it moves toward the
nucleus by microtubules and the intervention of microtubule motor proteins.
Furthermore, the capsid binds the nuclear pore complex (NPC), contacting two
nucleoporins. Simultaneously, after the nucleoplasm entry, the capsid disassembles,

releasing CA [888, 889] and viral RNA.
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3. Reverse transcription: The viral RNA needs to be converted into proviral DNA
through the action of the RT in the cytoplasm. The reverse transcription begins by
synthesizing ssDNA from the first strand transfer. The primer binding site is used to
initiate the process. The ssDNA is hybridized to the 3’-end of the viral genome
(RNA/DNA hybrid double helix), while negative-strand DNA synthesis persists, and
the ribonuclease H site breaks down the RNA strand. The second strand transfer will
lead to the transcription of the positive-strand DNA, terminating the dsDNA
synthesis [890, 891].

4. Integration and Transcription: The newly synthesized dsDNA is integrated into
the host cell genome by IN, which cleaves the nucleotides of each 3’ end of the
dsDNA, exposing a 3'-hydroxyl group and a 5’-overhang, forming two sticky ends.
Subsequently, it transports the modified dsDNA into the host nucleus and assists and
promotes its integration into the host genome. The cells infected after provirus
integration are the important long-living reservoirs of HIV [892]. Notably, the
integrated DNA, defined as provirus, can remain silent in the host genome to escape
the immune system, establishing a long-lasting infection that characterizes the
retroviruses [893].

5. Protein Synthesis and Assembly: The transcription of the provirus into mRNA
determines the synthesis of regulatory HIV-1 proteins (TAT, REV, NEF, VIF, VPR,
and VPU), and each of them has a specific role in the assembly and virion maturation.
Protein expression is regulated by several factors, at the epigenetic, transcriptional,
and post-transcriptional levels [894-896]. The env mRNA is translated into ENV
precursor GP160 in the rough endoplasmic reticulum (ER), where GP160 assembles
into trimers and travels to the Golgi apparatus, where it gets glycosylated and cleaved
by furin-like proteases [897]. The structural proteins will form the nucleus of the new
HIV particles, and the assembly of new virions begins when two viral RNA strands
join with replication enzymes, while core proteins (MA) form the virus capsid.

6. Budding: The viral particles will obtain a new envelope by budding through the host
cell membrane, which may incorporate diverse host cell proteins, phospholipids, and
cholesterol. The viral particle matures and reorders its main components, such as
structural proteins, gRNAs, and enzymes, to form the infectious virion. Overall, the
structural changes are obligatory for viral infectivity, and after all these phases, the

new HIV-1 virion is now ready for a new replication cycle [898].
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5.3 Therapies

Several treatments have been developed during the last few decades. The following is a list

of the most common treatments available on the market to treat HIV infection.

(M

(I

(111

(IV)

V)

(VD)

(VID)

(VIID)

(IX)

(X)

(XI)

Nucleoside reverse transcriptase inhibitors (NRTIs): inhibit provirus synthesis by
causing chain termination during DNA strand elongation or by directly inhibiting
RT activity [899].

Non-nucleoside reverse transcriptase inhibitors (NNRTIs): they bind to a specific
site of RT, causing a structural change that stops its functions [900].

Integrase inhibitors (INSTIs): prevent the insertion and integration of the
synthesized provirus into the host cell genome [901].

Protease inhibitors (PIs): block the cleavage of precursor proteins to interrupt the
assembly and maturation phases [902].

Fusion inhibitors (FIs): block the entry of HIV by gp41-TM fusion peptide
binding [903].

CCRS receptor antagonists: block the CCRS co-receptor of CD4+ T cells,
avoiding the initialization of the gp41-TM-mediated membrane fusion [904].
Attachment inhibitors (Als): prevent retroviral entry by blocking HIV gp120-SU
[905, 906].

Post-attachment inhibitors (pAls): prevent HIV entry by blocking HIV gp120-
CD4 receptor

Capsid Inhibitory: target p24, they interfere with the uncoating phase, transport
of the ssRNA into the nucleus, and the assembly and maturation of the new
virions.

Pharmacokinetic Enhancers/Boosters: inhibit the enzymes CYP3A4 responsible
for the metabolism of other ART drugs, leading to their increased concentration
for a longer period.

Fixed-Dose Combinations (FDCs): A Combination of two or more medications
from diverse classes into one single pill, improving and simplifying therapy

adherence

In Table 16, the full list of the FDA-approved drugs available for HIV.
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Table 16: The FDA-approved drugs available for HIV and their classes [907]

Drug Class Generic Name (Abbreviations) Brand Name FDA Approval Date
abacavir (ABC) Flagen Dec 171508
emiricitabine (FTC) Emiriva July 2. 2003
NRTIs lamuivudine (3TC) Epivir nov 17. 1995
tenofovir disoproxil fimarate (TDF) Viread Oct 26_ 2001
tenofovir alafenamide (TAF) Vemlidy nov 10. 2016
zidovudine (AZT. ZDV} Petrovir March 19. 1987
doravirine (DOR) Pifeltro Augz 30. 2018
efavirenz (EFV) Sustiva (discontimued) Sept 17. 1008
etravirine (ETR} Intelence Jan 18. 2008
NNRTI= nevirapine (NVE) Virarmme (discontimed) June 21. 1996
nevirapine (NVE) Viramnme XF. (discontinued) March 23. 2011
rilpivirine (RFV) Edurant Dfay 20. 2011
rilpivirine (RFV) Edurant PED March 13. 2024
cabotegravir (CAB) Apretude (injection) Dec 20. 2021
cabotegravir (CAB) Vocabria (tablet) Jan 22. 2021
INSTIs ﬂnhﬂﬂ_graw:[ (DTG Tl".'lc:m.- Ang 122013
dolutegravir (DTG} Trvicay FD June 12. 2020
raltegravir (RAL) Izeniress Oct 12. 2007
raltegravir (RAT) Izentress HD Iiay 26. 2017
atazanavir (ATV) Beyataz June 20. 2003
darumavir (DREV) Prezista June 23. 2006
Pls fosamprenavir (FOS—APV) Lexiva (dizcontinued) Oct 20. 2003
ritonavir (RTV) Norvir March 1. 1904
tipramavir (TEV) Aptivus June 22 2005
Fusion Inhibitors enfirvirtide (T—20) Fuzeon (discomtinmed) March 13 2003
CCES Antagonists maraviroc (WMVC) Selzentry Ang 62007
Attachment Inhibitors fostemzavir (FTE) Rukobia July 2. 2020
Post—Attachment ibalizumab—wyvk (IBA) Trogarzo March 6. 2018
N . lenacapavir (LEMN) Simlenca (treatment) Dec 222002
Capsid Inhibitors lenacapavir (LEN) Yeztugo (prevention) Tuze 18. 2025
Pharmacokinetic cobiciztat (COBI) Tybost Sept 24. 2014
abacavir / lamivudine (ABC/3TC) Epzicom (discontinued) Aug 2 2004
ABC /DTG /3TC Triumeg Aug 222014
ABC /DTG /3TC Triumeq PD March 30. 2022
ABC /3TC/ ZDV Trizivir {discontinued) nov 14. 2000
ATV / COEIL Evotar Jan 290 2015
BIC /FTC /! TAF Biktarvy feh 7_2018
CAB /EFV Cabenuva Jan 22 2021
DRV / COBI Prezcobix Jan 20 2015
DRV /COBI/FIC/TAF Symtuza July 17. 2018
DTG/ ITC Dovato Apnl §. 2019
DTG/ BFV Juluca nov 21. 2017
. DOR./ 3TC/ TDF Delstrigo Aug 30. 2018
Combinations EFV/FTC ./ TDF Atripla (discontimuzd) Tuly 12 2006
EFV/3TC/TDE Symfi March 22 2018
EFV /3TC/TDF Symfl Lo (discontimued) feb 5. 2018
EVG/COEBIL/FIC/TAF Genvova nov 5. 2015
EVG/COBI/FTC/ TDF Stnbild Aug 272012
FIC/RPV/TAF Odefzay March 1. 2016
FIC /RPV ./ TDF Complera Aug 102011
FIC/TAF Descovy April 4. 2016
FIC/TDF Truvada Aug 2. 2004
3TC/TDF Cimduo feb 28. 2018
ITC/ZDV Combivir {discontimed) Sept 27. 1997
LPV /RTV Kaletra Sept 15. 2000

Furthermore, the most advanced therapy available on the market is ART, a combination of

three/four antiviral molecules administered as a lifelong treatment program (comprising two

NRTIs plus a third drug, which can be a boosted PIs or an NNRTI, or INSTIs) [908-910].
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ART is not a cure, meaning that it cannot eliminate all the virions and proviruses in HIV-
infected patients, but it permits control over HIV infection as a chronic disease by restraining
virus replication and viral load to a steady low level, preventing CD4+ T cell decline [911,
912] and progression to AIDS. Furthermore, the almost undetectable plasma viremia reduces
the risk of sexual transmission by 96%, preventing new infections [913, 914]. However, ART
is a costly long-term treatment that can determine the development of multidrug-resistant
viruses. Moreover, ART is associated with multiple adverse effects, such as anorexia, nausea,
and vomiting [899]. The advent of drug Resistance to some drugs may cause complications
for the selection of appropriate drug regimens [915]. To avoid drug resistance, ART is
administered with different drug combinations [916-919].
During the ART regimen, the immune activation is significantly high, and it is associated
with a higher risk of:

A) cardiovascular disease

B) renal disease

C) neurological disease

D) malignancy/non-AIDS-defining events [920-922]

Another valuable method to reduce the risk of HIV transmission and to prevent the infection,
around 80%, is by post-exposure prophylaxis (PEP) treatment with multiple antiretrovirals
(tenofovir, emtricitabine, and raltegravir). PEP can be started within the first 72 hours after
direct contact with infected blood or blood-containing fluid (occupational contact) or after
non-occupational [923, 924]. The challenges associated with this preventive method are the
high costs and limited access [925]. Drammatic improvements have been achieved since the
FDA approval of the first antiretroviral in 1987 [926, 927], and the overall health and life
quality of the people infected by HIV have remarkably improved [910-913].

This phenomenon is associated with the increased potency, specificity, and half-life of the
new generation of therapies available in the market [928, 929].

Novel approaches are compounds that can interact with TAT, REV, and P7-NC of GAG,
including conserved mRNA secondary structures (hairpins, stem-loops, and bulges) present

in TAR [930-933], RRE [934-936], and ¥ [937-939].
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5.4 Vaccination and Prospects
The development of vaccines for HIV, followed by a global vaccination campaign, is
considered the most effective strategy to eliminate the HIV pandemic. To date, however, the
development of a potent vaccine has been unsuccessful due to HIV's complex biology [940-
944].
Vaccination must yield immediate activity in containing and controlling viremia post-
infection and reducing the chance of establishing viral reservoirs. The ideal HIV vaccine
would consist of two components [945, 946].
1) Multiple broadly neutralizing antibodies (bNAbs) designed to target diverse sensitive
epitopes of ENV strains/HIV variants to prevent the infection of new host cells [947-
951]. These bNADbs can neutralize a wide range of HIV variants; in contrast, most
induced neutralizing Igs are variant or strain-specific [952, 953].
2) A component that induces a quick and powerful T cell response to suppress initial

viremia, subsequently preventing the formation of viral reservoirs.

However, it remains uncertain how the future HIV vaccine will prevent transmission, grant
full immunity, and prevent the progression to AIDS [954]. Overall, the development of an
efficient polyvalent vaccine requires the application of several advanced novel technologies,

such as mRNA-, HIV-derived virus-like particle (VLP)-based, and viral vectored vaccines.
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5.5 Design of XNA Aptamers Interacting with HIV GP120

As aforementioned, ENV is a crucial glycoprotein involved in the interaction between HIV
and the host CD4 receptor, expressed on our cells. ENV initiates the entry of HIV into our
cells, and the possibility of blocking this interaction is crucial. bBNAbs and Fostemsavir can
interact with the CD4 binding domain, but a cheaper and faster alternative to produce relies
on aptamers. Different research groups have worked on the design and development of
aptamers targeting and inhibiting HIV main components, such as RT [955-968], IN [969-
974], and GP120 [975-986].

In this project, in collaboration with Prof. Amaro and her team, specifically PhD L. Casalino
and PhD M. Shehata, I had the opportunity to perform simulations using the full-length and
fully glycosylated 3D model of GP120, recently reported in literature by them [987] (Figure
41). This model was used to simulate the interaction between novels and known aptamers
[986] targeting GP120 and its CD4-binding domain, to understand their mechanisms of

action by a full in silico approach.

Figure 41: Full-length model of GP120. In shades of gray, the protein component (GP120-GP41); in blue,
the glycan groups

Additionally, this project aimed to optimize the aptamer's backbone, using the ENV-CD4

complex as a reference.
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To achieve these objectives, the following steps were taken (Figure 42):

A) Aptamer selection

B) Secondary structure prediction

C) 3D modelling prediction

D) Molecular Docking
E) MD simulations

F) Trajectory analyses and aptamers binding free energy estimation
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Figure 42: Workflow of the project and the list of several software used

A) Aptamer selection

The aptamers utilized in this study, specifically HD2, HD3, HD4, and HDS5 (Table 17), were
formerly identified by Zarandi et al. [986]. These single-stranded DNA sequences exhibited
high affinity for GP120, and biological assays confirmed their capacity to disrupt the

interaction between HIV and its primary receptor, CD4 (Figure 43).
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Table 17: Sequences of the aptamers described by Zarandi et al [986]
Name Backbone | Length Sequence

HD2 DNA 34 CGGCCTTAAACGCGCCTGAATAAATTCCTTGCTA
HD3 DNA 31 AAGGGTTTTTCCCCGGCCTTAAATTTTCCAA
HD4 DNA 33 GATTTGTTTTCCCGATTTTGCCCAGGGTTAATT
HD5 DNA 49 CTTTAACGGCCACGCCCGATTTTACGCTTTCCCTACCGAAGGGCCGTAC
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Figure 43: The graph illustrates the HIV inhibitory effects of four different aptamers (HD2-HDS) at

concentrations between 10 and 55 uM. Remarkably, all tested aptamers displayed their best inhibitory effect
at the lowest concentration of 10 pM, with HD4 (80.1%) and HDS5 (78.4%) showing the highest inhibitory

activity of the group [986].

In addition to these known aptamers, AptaSIM [988] was used to design new ssDNA

aptamers against GP120 randomly. Initially, a primary library of 1 million random ssDNA

sequences was built, containing a uniform A, C, T, and G nucleotide distribution (25% each).

The protocol excluded 5" and 3’ primer binding regions to emulate a PCR-free amplification

model, and twelve iterative selection cycles were performed using the following parameters:

100 seeds per cycle, minimum seed affinity threshold 80%, maximum of 10 sequences

selected per cycle, maximum sequence affinity cutoff of 25%, mutation rates: 26% for C-G

base pairs; 24% for A-T pairs, 5% overall mutation probability per cycle, and 99%

amplification efficiency.
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At the end of each in silico SELEX cycle, AptaSIM quantifies how many times each
sequence is amplified, generating variables such as amplification count for each sequence.
In this project, the sequences with the highest amplification count were selected for further
analysis. Finally, the aptamers' selection was achieved considering these factors (Table 18):

e Apt 0 was chosen to evaluate a long and bulky aptamer.

e Aptl, 2, and 3 were selected to compare different sequences of the same length (40

nucleotides)
e Apt4 was chosen to evaluate a short aptamer

e Apt 5 was selected to evaluate the shortest aptamer achievable

Table 18: Length and sequences of the aptamers randomly predicted by AptaSIM [988]

Name Backbone | Length Sequence

Ant 0 DNA 7 AAACCAGCTTATTCAATTAATATAGTAGTGAAAGAGCGGGGAGGGCGCAGGT

P B GAGATAGTAAGTGGCAATCT

Apt 1 DNA 40 CTAGCATGACCGCAGATCCTTTCGAGGAGAATGGTAGCTC

Apt2 DNA 40 TAGGGGGCAGCTACAAGTCCACGAGCCTGCCAGCCGAATA

Apt3 DNA 40 CAATTCACAAAGCATAAACAATAGGCCCGGTGGTGAAACT

Apt4 DNA 22 GGGTAGGACCCCTACTACCGAC

Apt S DNA 15 GGCCTCCGGGGTGGA

B) Secondary structure prediction
In the second step, the sequences highlighted in Tables 17 and 18 were used as input
sequences for the secondary structure prediction performed by Mfold [989]. This algorithm,
developed in the late 1980s [990], can predict the secondary structure of DNA and RNA,
obtaining a dot-bracket representation and the minimum free energy structure (MFE) of each
aptamer. The MFE values were used to rank all the different structures, and the one with the
lowest value was selected for further studies. The secondary structure was predicted using
default settings, 37°C, 1 bar, and an ionic condition of 1.0 M NaCl, without the inclusion of

divalent ions, as suggested by Mfold developers.

C) 3D model prediction
The secondary-structure information obtained by MFOLD was used, in combination with
the primary sequence, to predict the tertiary structure. For this purpose, 3dRNA/DNA

v0.7/0.8 [991] was used to obtain a representative 3D model for each sequence.
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3dRNA/DNA is a template-based method that combines DNA and RNA 3D template
libraries to predict DNA 3D structures [992-996]. This tool separates the target DNA into
secondary structure elements (SSEs) to retrieve a 3D template for each from a DNA SSE 3D

template library or assembles the 3D model using a bi-residue algorithm (Figure 44).
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Figure 44: 3dRNA/DNA workflow [991]

For each aptamer, the 3D model with the lowest potential energy was selected for further

investigations. No additional minimization or structural refinement methods were needed

after this step (Figures 45 and 46).
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Figure 45: Aptamers gathered from Zarandi et al [986] and the aptamer optimization approaches applied for

each of them
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Figure 46: 3D model of the sequences predicted by AptaSIM [988]. In green, the DNA backbone, while in
blue, the RNA backbone

22nt

D) Aptamer optimization
Three approaches are available to ameliorate the pharmacokinetic properties of the aptamers:

1) Backbone optimization: improving biostability and nuclease-resistance through the
introduction of natural chemical modifications or synthetic XNA backbones.
Specifically, DNA, RNA, 2°’F-RNA, and 2’OMe-RNA backbones were selected and

applied to the sequences retrieved from Zarandi et al. [986].
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2) Length optimization: aptamer length optimization to decrease the synthesis costs and

to identify the key binding regions (applied to HD4 and HD5) (Figure 47A/B)

3) Sequence optimization: using site-directed mutagenesis to improve folding, binding
free energy by incorporation of natural or unnatural nucleobases to form canonical
or non-canonical base pairing (applied to HD4 by double point substitution on

Thy28-29 by introducing two adenines, highlighted by the red box) (Figure 47A).

1 17

Short HD4 ' HD4 1 x93
DNA 32T pNA Modified-HD4
337 DNA

1716\, _¢ 12 A Asg
L 11

6 Cc23
3 Truncation
( 3 X SN X
44 43 "33 g 24
v 4
HD5 DNA e A3S 4c 125

A G 1 2 3 26 27 28
39 G~ 737 T T A—T A

Short HD5
DNA

Figure 47: A) Aptamer optimization approaches applied on HD4, to form Short HD4 (S-HD4) and Modified
HD4 (M-HD4) B) Length optimization applied on HDS to form Short HDS
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Table 19: Sequence specifications, lengths, and backbone composition of the HD4 and HD5 DNA aptamer

variants.
Name Backbone | Length Sequence
Short HD4 DNA 17 CCCGATTTTGCCCAGGG
Mod HD4 DNA 23 TTTCCCGATTTTGCCCAGGGAAA
Short HDS5 DNA 28 TTACGCTTTCCCTACCGAAGGGCCGTAC

E) Molecular Docking

The 3D model of each aptamer was docked into the three CD4-binding domains of the full
glycosylated GP120 model. To this aim, HDOCK [423] was used. The docking sites were
defined by conserved residues playing a critical role in CD4-GP120 interactions (Figure
48A) [886]. Docking poses were then evaluated using the aptamer binding energy scores
and the structural complementarity with GP120. The visual inspection of the binding poses
allowed for the avoidance of clashes and artefacts in the resulting poses. The pose of each
aptamer with the lowest docking score was used to shape the final GP120/aptamer complex

needed for the subsequent MD simulations.

cba
BINDING
DOMAIN

Figure 48: A) Surface representation of the GP120 glycoprotein (gray) with the CD4-binding site residues
highlighted in purple. B) Representative binding pose of a gp120-aptamer complex predicted by HDOCK.
The aptamer is shown in green, while interacting with the GP120 surface (gray), glycans (blue), and the

CD4-binding site surface (purple)
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F) MD simulations

To conduct MD simulations, the force field for each XNA had to be available in the most
common MD simulation software. However, while the parameters of DNA, RNA, and
2°’0OMe RNA are already incorporated into the CHARMM36m force field [443], for the 2°F
RNA backbone, we developed a custom patch using the CHARMM General Force Field
(CGenFF) website [997]. This approach was applied to the modified nucleotides: 2'F-

uridine, 2'F-cytidine, 2'F-adenosine, and 2'F-guanosine.

The investigation and application of these newly developed force fields in the in silico
protocol enabled an in-depth evaluation of the conformational dynamics and binding
energetics of all aptamers, providing a foundation for the rational design of high-affinity,

RNA-based aptamers.

The GP120-aptamer complexes resulting from docking calculations were then solvated by
adding a cubic TIP3P water box, extending 15 A beyond the solute in all directions, plus
neutralizing counterions (Na* or CI") to reach a physiological ionic strength of 0.15 M NaCl.
MD simulations were carried out using explicit water molecules and ions to ensure the
accuracy of the simulated biological system (Figure 49). The GP120-CD4 complex was also
created and simulated to acquire reference values. The MD simulations protocol consisted
of 6 steps, as described in Figure 49 and Table 20. NAMD3 [998] was used to simulate

these large complexes, each comprising over 500.000 atoms.
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RlsmgT - 310K
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NPT2 ¢ 30 ns Isotropic cell
+ 500 ns with PBC

Figure 49: (Left) The solvated Env system, showing ENV surrounded by the TIP3P water box and
neutralizing ions. (Right) The MD simulation protocol. It starts with energy minimization steps 1 and 2 (100
ps each) to reach a low-energy state. In the heating phase, the temperature gradually increased to reach 310
K. Equilibration was performed in two stages: NPT1 (500 ps) with a fully anisotropic flexible cell and NPT2
(30 ns) with an isotropic cell to stabilize density and pressure. Lastly, a production phase (500 ns) with

periodic boundary conditions (PBC) was executed for each replica.

The MD simulations were carried out on the Triton shared computing cluster (TSCC) at the
University of California, San Diego, USA. The total duration of all simulated processes

exceeds 45 microseconds.
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Table 20: MD simulation parameters applied to the Env-Aptamer/CD4 complexes

Electrostatics

Category Parameter Value/Description
Time Step 2 fs
Total Production Time 1.5 ps (3 independent runs of 500 ns
Integrator & Time each)
Bond Constraints Sm algonthm (all bonds
involving Hydrogen)
1-4 Scaling Factor 1.0
Non—bonded Interactions Switching Function 10-12 A
Cutoff Distance 12 A
Pairlist Distance 135 A
Long—range Method Particle Mesh Ewald (PME)
PME Grid Spacing 2.0A

Interpolation Order

8

Full electrostatics every 3 steps;

Update Frequency Non—bonded every 1 step
NPT (Constant Number. Pressure.
Ensemble
Temperature)
Ensemble & Boundary Boundary Conditions Periodic Bounda_tul;y?,(]?)ondmons (PBC)
Atom Wrapping All atoms wrapped to primary cell
Temperature 310K
Thermostat Method Langevin Dynamics
Damping Coefficient 1 ps™
Pressure 1.01325 bar
Method Langevin Piston
Barostat Piston Period / Decay 200 fs / 50 fs
Piston Temperature 310K
Cell Fluctuations Isotropic

G) Post-processing analysis of MD trajectories

Several analyses were performed on the MD trajectories, such as-contact count analysis with

PyContact, and binding free energy calculations through MM/PBSA calculations, thanks to
the CaFE tool (Calculation of Free Energy) [999]. This VMD plugin can use CHARMM?36m

force fields, together with the custom patch developed with CGenFF for the analysis of 2°’F

RNA. To perform these calculations, CaFE executes the:

1) Conformational sampling from MD simulations using parameters retrieved from

force fields

2) Post-processing of MD simulations by extracting the complex, receptor, and ligand

conformations of interest

3) Calculations of the three energetic components by the MM/PBSA method (SASA

term, Gas-phase, and PB energy) [1000].

CaFE ignores the entropic term due to the high computational cost and inaccuracy of current

methods for entropy calculations.
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Here, the aptamer binding free energy calculation was performed on 100 significant frames
extracted from each MD replica, using these criteria: a) the first 1000 frames of the MD
simulations were removed since they included the equilibration phase, and b) the last 4000
frames were considered for the analysis, using a stride value. To have a better understanding
of the aptamer binding free energy profiles, the aptamer AG values were decomposed into
the: 1) Glycan contribution, ii) Protein contribution, and iii) CD4 binding domain residues
contribution.

Moreover, to evaluate the weight of each nucleotide in the aptamers, the overall binding free
energy was divided by the aptamer’s length, yielding a normalized value. The software
PyContact [1001] was used to identify and characterize the interactions between the
aptamers and GP120. This analysis aimed to clarify which nucleotides, backbone
chemistries, and key residues can provide the most effective aptamer/CD4 interaction profile
with GP120. PyContact was run with a distance cutoff of 5.0 A for general contacts, a donor—
acceptor distance cutoff of 2.5 A for hydrogen bonds, and an angular cutoff of 120° to ensure
geometrically meaningful interactions. The same 100 representative frames used for the

binding free energy calculation were also used for the interaction analysis.

H) Outcomes

The results are divided into two main sections: 1) contact count analysis was carried out to
elucidate the key residues and glycan groups involved in aptamer-GP120 interactions, and
2) binding free energy profiles were investigated to understand the relationships among
aptamers and their backbones.

Contacts count. The contacts count analysis was used to identify the residues involved in
the interactions between aptamers and GP120. The data attained suggest that, throughout the
MD simulations, the natural binder CD4 exhibited the strongest and most persistent
interactions with Gly335, Asp337, and Glu339 (CD4 BD residues), confirming its well-
defined binding interface with the viral protein. In contrast, interactions with glycans were
weak and transient. The aptamers showed a clear preference for Arg444, Arg397, and
Argl53, all residues part of or located near the CD4 BD. Additionally, numerous asparagine
residues and their linked glycans (Asnl29, Asn197, and Asn234) play a pivotal role in
stabilizing the aptamer—GP120 complexes. Notably, a distinct shift from protein-based to
glycan-based interactions was observed for HD2, where the strongest contacts transitioned
from Arg444 and Arg397 in the DNA form to the glycans bound to Asn197 and Asn234 in
the 2’OMe RNA variant.
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Binding free energy. As mentioned above, the reference CD4-GP120 complex was
simulated to establish if the new aptamers can compete with the binding of the natural
binders. In our simulations, CD4 exhibited an average AG value of —20.7 + 2.5 kcal/mol
(Figure 50). Interestingly, the CD4 binding profile yielded a perfect 50-50 ratio between

glycan and protein contribution, describing how the natural binder interacts with GP120.

-5 -10.3 £ 2.3

-10

AG (kcal/mol)

-25 -20.7 £ 2.5

cDa
=W Protein @M Glycan cD4 BD

Figure 50: Average binding free energy evaluation of CD4 in complex with GP120. In the blue border, the
glycan contribution (—10.3 £ 2.3 kcal/mol), in the purple stripes, the CD4 binding domain binding free
energy value (comprises 25% of the overall AG), in dark purple with black border, the protein section that

consists of the CD4 binding domain section + protein section (—10.8 =+ 1.1 kcal/mol)

Considering the data collected for all the simulated aptamers (Table 19, Figure 51), among
the aptamers bearing backbone modifications, the 2’OMe-RNA analog of HD2 displayed a
AG value (—31.6 + 2.2 kcal/mol) 27% lower than the DNA natural analog (—24.8 + 3.1
kcal/mol). This data makes this aptamer the most stable candidate among the ones reported
by Zarandi et al. (Figure 51). More in depth, the drastic improvement relies on the formation
of new interactions displayed by the glycan moieties. On the other hand, the backbone
optimization of HD4, from DNA to 2’OMe RNA, reported a drastic decrease in the predicted
AG value, by approximately 30% (from —31.6 + 2.9 to —21.9 + 2.2 kcal/mol) (Figure 51).
All these results show that the backbone modification does not universally improve the AG

values but is highly dependent on the aptamer sequence and folding.

Regarding the aptamers randomly predicted by AptaSim (Table 21), Apt 0 yielded the most
favorable binding free energy (—33.4 £ 3.3 kcal/mol).
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Figure 51: Absolute AG values (kcal/mol) of all aptamers analyzed in this study. Aptamers are ordered from
weakest to strongest binding affinity (less negative to more negative AG). AG values are described with their
related standard deviations (error bars). Aptamers are color-coded by backbone (DNA, RNA, 2°F RNA,
2°0OMe RNA in green, blue, orange, and red, respectively), while hatched bars represent the aptamers

predicted by AptaSIM.

Not surprisingly, the length optimization approach has yielded a significant reduction in the
total binding free energy for all aptamers considered in this study. Specifically, when
considering the DNA backbone, Short-HD4 (Table 21) exhibited a decrease of 45% relative
to its original template HD4 (from —31.6 + 2.9 to —17.4 £ 2.1 kcal/mol); in parallel, Mod-
HD4 (Table 21) manifested a comparable loss of 49% compared to HD4 (from —31.6 + 2.9
to —16.4 £ 2.5 kcal/mol). Meanwhile, Short-HDS5 (Table 21) provided a 34% reduction in
comparison with HD5 (—27.3 + 2.8 to —18.2 + 1.6 kcal/mol).

Most of the simulated aptamers can bind GP120 more strongly than CD4, underscoring their
potential as competitive inhibitors of GP120. Moreover, short sequences such as Short-HD4
(17nt), Mod-HD4 (23nt), and Short-HD5 (28nt) displayed weaker AG values than CD4,
highlighting that length, binding mode, interaction profile, and sequence are critical factors
in optimizing nucleic acid binders. Specifically, Apt 5, the shortest aptamer of this series,
established the highest average AG (—13.8 £+ 1.7 kcal/mol) (Figure 51).

Apt 0, the longest aptamer simulated in this project (72nt), by yielding —33.4 + 3.3 kcal/mol,
is comparable to shorter aptamers, such as HD2 2°’OMe RNA (34nt) and HD4 DNA (33nt),
which achieved similar AG values (—31.6 & 2.2 and —31.6 + 2.9 kcal/mol, respectively).
These results indicate that aptamer length is a significant parameter in achieving high
binding affinity, suggesting that the contributions of additional nucleotides deliver a small

improvement in binding affinity while increasing structural complexity.
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Table 21. The binding free energy, glycan, and protein percentages for all the aptamers and backbones

analyzed throughout the project

Aptamer Backbone Avg AG £ 5EM Gi::in P;t:f:in Avg CD4 Nol::;:l: ::dS%{::'[by
(lecal/mol) % % ED % (keal/mol)
Apt0 DNA —334+33 703 297 59 —04£01
Aptl DNA —190x27 64.7 353 i3 —03£0.1
Apt2 DNA —214+25 625 375 10.6 —0.5+0.1
Apt3 DNA —238+3.6 60.3 39.7 37 —0.7+0.1
Aptd DNA —150+22 335.0 450 15.0 —0.7+0.1
Apt4 ENA —166+2.5 397 60.3 11.0 —0.7+0.1
Apt 3 DNA —138x17 3.6 424 14.5 —09+0.1
HD3 DNA —273+28 69.3 30.7 635 —0.6=0.1
HD3 ENA —272x40 619 381 54 —0.5+0.1
HD3 I’FENA —239+26 721 279 74 —0.5+0.1
HD3 2’0Me ENA —240+33 61.0 390 74 —04£01
SHD3 DNA —182x16 35 45 73 —06£0.1
HD4 DNA —316+3.0 498 502 7.0 —09+0.1
HD4 ENA —235+29 33.9 44.1 83 —0.7+0.1
HD4 I’FENA —230x27 64.7 353 20 —0.7+0.1
HD4 2’0OMe ENA —219+22 34.3 457 11.9 —0.6=+0.1
SHD4 DNA —174+21 447 553 16.8 —1.0+0.1
SHD4 ENA —143+18 0.0 500 209 —0.82+0.1
SHD4 2’FENA —157x14 61.0 39.0 122 —0.9+0.1
SHD4 2’0Me ENA —142+23 48.7 513 15.6 —0.2+0.1
M HD4 DNA —163<+25 3.6 424 16.4 —0.7+0.1
M HD4 ENA —16.9+2.0 334 46.6 139 —0.7+0.1
HD3 DNA —249+28 60.4 396 123 —028x01
HD3 ENA —225+22 36.5 435 11.6 —0.7+0.1
HD3 2I’FENA —229+26 38.8 412 54 —0.7+0.1
HD3 2’0Me ENA —241+28 622 378 59 —0.2+0.1
HD2 DNA —248+3.1 66.6 334 10.9 —0.7+0.1
HD2 ENA —236+31 61 39 10.1 —0.7+0.1
HD2 I’FENA —28.1+3.0 63.5 365 T35 —0.8+0.1
HD2 2’0Me ENA —315+22 66.6 333 78 —09+0.1

CD4 f —207+25 0.0 500 13 !
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Two other key parameters were analyzed to evaluate the aptamers' behavior in MD-
MM/PBSA calculations:

1. Efficiency: AG normalized per nucleotide (AG /length)

2. Specificity: the fraction of the total AG retrieved by considering only the CD4-

Binding domain

Regarding the first parameter, Short-HD4 (—1.0 £ 0.1 kcal/mol/nt), HD4 DNA (—0.9 £ 0.1
kcal/mol/nt), and HD2 2°OMe RNA (—0.9 + 0.1 kcal/mol/nt) emerged as the most promising
sequences. In contrast, HD5 and Apt 0, with their bulky structures, showed poor efficiency
(—0.5 £ 0.1 kcal/mol/nt for both) (Figure 52). These data suggest that the length optimization
approach can increase efficiency at the expense of total binding affinity. In contrast, Apt5,
which displayed the weakest predicted binding affinity, can obtain a high AG /length ratio
(—0.9 £ 0.1 kcal/mol/nt), indicating that even with its short length, each nucleotide interacts
more efficiently with GP120.

This comparison highlights a fundamental trade-off between binding efficiency and total
free energy. Moreover, this trade-off illustrates that short aptamers (below 20 nucleotides)
display a better contribution per nucleotide to the AG, but with an overall lower total binding
free energy. Conversely, long and bulky aptamers can achieve higher binding free energy

values through multiple non-specific interactions.
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Figure 52: Normalized binding free energies (AG/length) for all aptamers analyzed in this study. The bars are
ordered from weaker to stronger binding affinity (less negative to more negative AG). AG values are
described with their related standard deviations (error bars). Aptamers are color-coded by backbone (DNA,
RNA, 2’F RNA, 2°0OMe RNA in green, blue, orange, and red, respectively), while hatched bars represent the
aptamers predicted by AptaSIM.
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When evaluating specificity, defined as the portion of the entire AG collected by considering
only the CD4-BD, CD4 exhibited the highest value, accounting for 25% of the overall AG,
reflecting its optimized binding to GP120, thanks to its conformation and the spread of its
surface across the CD4-binding domain. On the other hand, aptamers under investigation
showed a lower specificity, on average, between 7—10%, with small variation across the
different backbones analyzed. Remarkably, Short-HD4 RNA achieved the highest specificity
among aptamers (20.9%). This result can be explained by how the aptamers primarily
interact with GP120, specifically due to a large exposition to glycans, with limited

engagement of residues within the CD4 binding domain.

Glycan and Protein contributions to aptamers' binding free energy.
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Figure 53: Aptamers AG binding values sorted by increasing glycan percentage. The chart discriminates
energetic contributions of protein and glycans across various chemical modifications (DNA, RNA, 2-F RNA,

and 2-OMe RNA).

To compare the CD4 binding profile, which described a 50/50 ratio regarding protein-glycan
interactions, with the aptamers, an in-depth evaluation was performed. This evaluation was
carried out to calculate the binding free energy of proteinaceous residues and the glycans.
We found out that the glycan-aptamer interactions are the dominant source of binding energy,
accounting for 44-72% of the total AG (Figure 53). Despite their similar binding
efficiencies, the lead aptamers HD4/DNA and HD2/2’0OMe-RNA utilize different binding
patterns. HD4/DNA accurately replicates the CD4 interaction profile with a 50:50 glycan-
protein ratio, whereas HD2/2’OMe-RNA favors glycan interactions at a 66:34 ratio.
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The fact that these different profiles yield similar binding free energies emphasizes that high-
quality aptamer design must account for a complex interplay of factors, including folding,
sequence, and backbone structure. The advantage of targeting glycans permits targeting a
broader spectrum of HIV variants, but it could establish non-specific interactions with other
glycoproteins. However, due to a high protein-binding profile, aptamers could exert selective
pressure on the virus, potentially leading to the mutation of key interacting residues, the
formation of new strains, and the promotion of HIV resistance.

I) Final remarks

In conclusion, these computational insights suggest that aptamers can engage a broader
range of residues than CD4, a capability primarily driven by their peculiar structural
plasticity. Collectively, this research highlights the profound influence of backbone
chemistry and primary sequence on binding affinity and efficiency, indicating that optimal
design requires a strategic balance between molecular rigidity and adaptability.

More specifically, a rigid scaffold is required to ensure strong and stable interactions with
the CD4-BD, while adaptability enables interactions with glycans, which display dynamic
conformational behavior. Particularly, glycan-mediated binding may be less specific than
CD4 BD-based recognition, but it offers a different therapeutic advantage by potentially
reducing susceptibility to viral escape mutations within the ENV protein.

In conclusion, this study provides significant insights:

- Optimized binding affinities can be achieved without bulky and long aptamer
structures, as highlighted by HD5 and Apt 0

- Short aptamers can reach high efficiency; however, since their total AG value is lower
than that of CD4, this may suggest limited in vivo activity.

- Glycans are key components in the aptamers' binding. For this reason, they are
required in the simulation systems to predict the aptamer binding stability and
binding mode.

- Backbone modifications exert highly sequence-specific effects, rather than providing
a universal enhancement across all candidates.

Considering all data produced in this study, the most promising aptamers, specifically HD2-
2’0OMe RNA, S-HD4, HD4, and Apt 0, could be purchased and investigated through
biological and biophysical assays. An international collaboration between the University of
Milan, the University of Verona, and the University of California could accomplish this task

and validate these computational outcomes.
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6. Appendix
Appendix 1
Title: PCSK9 inhibitors: a patent review 2018-2023
Authors: Fassi, E. M. A., Citarella, A., Albani, M., Milano, E. G., Legnani, L., Lammi, C.,
Silvani, A. and Grazioso, G.
Status: Published in Expert Opinion on Therapeutic Patents (2024)
DOI: 10.1080/13543776.2024.2340569
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ABSTRACT ARTICLE HISTORY
Introduction: Proprotein convertase subtilisingkexin 9 [PCSK9) plays a crudal role in breaking down the Fecetvad 30 Movember 2023
hepatic low-density lipoprotein receptor (LOLR), thercby influencing the levels of drculating low-density Accepted 28 March 2024
lipoprotein cholesterol (LDL-C). Consequently, inhibiting PCS¥9 through suitable ligands has been estab- KEYWORDS

lished as a validated therapeutic strategy for combating hypercholesterolemia and cardiovascular diseases. PrSKs:

Area covered: Patent literature claiming novel compounds inhibiting PCSKS disclosed from 2018 to hypercholesterolemia; CVI;
June 2023 available in the espacenet database, which contains more than 150 million patent docu- LDL-C: patants e

ments from ower 100 patent-granting authorities worldwide.

Expert opinion: The undisputable beneficial influence of PCSK9 as a pharmacological target has
prompted numerous private and public institutions to patent chemical frameworks as inhibitors of
PCSKS. While several compounds have advanced to clinical trials for treating hypercholesterolemia, they
have not completed these trials yet. These compounds must contend in a complex market where new,
costly, and advanced drugs, such as monoclonal antibodies and siRMA, are prescribed instead of

inexpensive and less potent statins.

1. Intreduction

Hypercholesterolemia is the most widespread form of dyslipide-
mias, causing, over the past years, a significant increase in the
aglobal mortality. Hypercholesterolemia is caused by high levals
of low-density lipoprotein cholesterol {(LDL-C) in the blood-
stream, a major contributing factor to the development of ather-
oscleratic cardiovascular disease (VD) [1]. it has been reported
that, over 5 years of tral, a low drculating level of LDL-C leads to
il @ decrease in myocardial infarction or coronary death, i)
a reduction in coronary revascularization treatments, iii) the
decreasa in the number of strokes and the major vascular evants
[2]. Thesa authaors, together with others reaching the same con-
clusions, led the Endocrine Sociaty Guidelines to recommend an
LDL-C circulating level lower than 55 mg/dL (equivalent to 1.4
mmal/l), especially for patients affected by CVDs [3]
Nevertheless, when this level is not respected by dietary habits,
or for the presence of genetic disorders (such as familial hyperch-
olesterolermia), individuals are recommended to use statins as
a drug preventing fatal or non-fatal CV events. Unfortunately, not
all patients are susceptible to the treatments with 3-lydroocy-
3-methylglutaryl coenzyme A reductase (HMG-CoAR) inhibitors
such as statins, due to intolerance or statin-resistant hypercho-
lesterolemia [4.5]. Moreover, long-term use of them resulted in
tachyphylaxis, the decreasing response to therapeutic agents [6].
Specifically, a study on 254 patients found that LDL-C levals
initially decreased during statins treatment but subsequently
increased over time, even after reaching maximum LDL-C reduc-
tion. This was particularly noticeable in patients treated with

atorvastatin at exposure doses of 10 or 20 mg/day [6]. From
a molecular point of view, through the direct ability to inhibit
the endogenous cholesterol synthesis via HMG-CoAR inhibition,
statins activate the SREBP-2 pathway leading to the lavel increase
of both LDL receptor (LDLR) and HMG-CoAR [7]. In addition, it has
been observed that statins also raise levels of proprotein con-
vertase subtilisin/kexin type 9 (PC5K9), a protein modulating the
LDLR degradation. Increases in PCSKS levels also reduce the LDL-
C response to statin therapy [8]. Therefore, there has been a rapid
and substantial expansion in the range of lipid-lowering medica-
tions, acting by novel machanisms of action. These mechanisms
include monoclonal antibodies (mAbs) acting on angiopoiatin-
like 3 {evinacumab, Ulterius Pharmaceuticals), microsomal trigly-
ceride transfer protein inhibitors (lomitapide, Aegerion), ATP-
ditrate lyase inhibitors (bempedoic acid), and last but not least,
PCSKG inhibitors [9-12]. As stated before, PCSKS is an enzyme
circulating in the Bocdstream and is responsible for regulating
the population of LDLRs on the surface of liver calls. The PCSKSY
LDLR interaction results in the intemalization and degradation of
LDLR, reducing the liver cells” ability to capture LDL-C from the
bloodstream [13]. Consequently, inhibiting the interaction
between PCSKY and LDLR leads to an increased number of
LDLRs on the cell membrane, enhancing the liver cells’ capacity
to uptake LDL-C [14]. In addition to its crudal role in LDL-C
matabolism, PCSKS has been linked to various processes relevant
to cardiovascular health. Particularly, PCSKO levels can predict
the ocourrence of recurrent cardiovascular events in individuals
with coronary artery disease, evan when their LDL-C levels ara

CONTACT Enrica Mario Alessandro Fasst (@) enricofassigunimiit; Glovanni Graziaso (&) glovannigrazicsogunimit () Dipartiments di Scienze Farmaceutiche,

Unbversita degll Studl di Milanc, Via L Mangtagalll 25, Milano 20133, taly
© 2024 Informa UK Limited, trading as Taylor & Frands Group
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Artide highlights

= PCSK9 inhibitors may become a new generation of drugs for the
treatment of hypercholesterolemia and the prevention of fatal or
non-fatal cardiovascular events.

Several chemical scaffolds as PCSKS inhibitors have been reported to
date.

This review reponts on the PCSKS inhibttors patented from 2018 to
June 2023,

Ninetzen patents have been deposited by several companies and
univarsities.

One PCSKS inhibitor (ME-D616) entered phase l dinical trial.

well-controlled. This underscores the growing recognition of
PCSKS s involvement in platelet reactivity and the formation of
blood clots, implying the clinical importance of inhibiting PCSKS
through pharmacological methods [15]. In the past few years,
both academia and pharmaceutical corporations have invested
significant resources in discovering compounds with the ability
to block PCSKY, both the biosynthesis and the interaction with
LDL-R [16]. Since PCSKY inhibitors exert a mechanism of action
that is completely different to the statins one, this makes them
eligible for the treatment of patients who cannot be treated by
statins, due to harsh side effects or to therapeutic (total/partial)
ineffectiveness in some, severa, forms of hypercholesterolemia
(e.g. familial hypercholesterolemial [17]. As a conseguence, this
led to the development of effective therapeutic strategies for
addressing hypercholesterolemia resistant to the statin treat-
ment, as demonstrated by the introduction of two monoclonal
antibodies, alirccumab (Sancfi) and evolocumab (Amgen), onto
the market [18,19). Novartis pioneered the development of the
first siRMA drug, known as Inclisiran, which can disrupt the liver's
PCSK9 transcription. This disruption results in long-lasting reduc-
tions in cholesterol levels among treated patients [20]. However,
these medications are costly and face challenges in terms of
patients’ compliance due to their subcutanecus administration.
Consaquently, pharmaceutical companies and academic institu-
tions have a strong intarest in advancing the clinical develop-
ment of orally bioavailable small molecules. This interest is
evidenced by the substantial number of patent applications in
this field in the last decades [21,2Z]. Herein, among the 810
patents resulted from the worldwide patent search conducted
on espacenet database (https:/worldwide.espacenet.com), we
summarized the disclosures regarding only the compounds
which directly interact and inhibit PCSK9, obtaining a total of
nineteen patents, deposited from 2018 to June 2023, In particu-
lar, hare we report on the patents containing the word ‘PCSKD in
the Title or abstract’ considering each year of the time period
examined in this review, making use of the advanced search’
webtool of espacenset

2. Patent review
2.1. Year 2078

2.1.1. Cardio Therapeutics Pty Ltd
With this invention, Cardio Therapeutics Pty Ltd. patented
a series of heterocyclic compounds as potential new PCSKS

small molecule inhibitors [22]. Based on the molecular mod-
eling studies they have accomplished, it was concluded that
these compounds can target PCSKS, thus preventing its
interaction with the LDLR. This disclosure covers all the
heterocyclic compounds with the general structure 1-4
(Figure 1). The embodiments of the patent cover any phar-
maceutically acceptable salt, solvate, prodrug or polymorph
of the compounds, in order to reduce LDL levels, through
PCSKS inhibition. The compounds of the invention may,
moreaver, be administerad along with a pharmaceutical
carrier, diluent, or excipient. Throughout the setting up
and synthetic process of the molecules, the inventors
selected some specific functional groups to put on the
starting scaffold to enable these compounds to interact
with some relevant amino acids in the protein sequence
of PCSKS, such as: 5er221, Asp212, Lys223 and Lys258. The
axpermental approach used to establish these compounds’
efficacy was, as a first thing, to measure their ability to
disrupt the protein-protein interaction between LDLR and
PCSKS through a binding assay. Through this experiment,
the inventors proved the mechanism of action of the com-
pounds they proposed. The rate of inhibition was assessed
as the absorbance of tested compounds at 450nm and 540
nm, then plotted within 1Cs; curves. Among all the 31
compounds reported as examples, 5 of them showed an
ICs, comprised between 0.1 and 1 pM (examples 5, 6, 7, 19,
and 30), while only compound 1 (patented as example 27)
exhibited an ICsp lower than 0.1 uM, representing the most
potent PCSKD inhibitor reported in this patent (Figure 2).

Furthermore, they performed a cell-based LDL uptake
assay. The assay was carried out on human liver HepG2 cells,
considering the examples 6 25 27, and 30, tested at the
concentration of 0.1 and 1 pM. AMB-657286, a small molacule
inhibitor of the PCSK9-LDLR interaction developed by Shifa
Biomedical Corparation [24], was employed as a positive con-
trol. In this assay, the dynamic range of measuring LDL uptake
was improved through the addition of a gain-of-function
mutant of PCSKS, that furthery impairs LDL uptake (increased
binding and degradation of LDLR) and when inhibited repre-
sents a sign of functionality against the target. The quantifica-
tion of the uptake was determined by fluorescence, on
a reader set at excitation/emission wavelengths of 485 and
530 nm, respectively. Also in this case, compound 1 exhibited
the best results (Figure 2). More details are available in their
research article published on the Bicorganic and Medicinal
Chemistry where the compound 1 (example 27) can be
found with the name of 3d [25].

2.1.2. Merck sharp & Dohme corporation

In 2018, Merck Sharp & Dohme Corporation patented a series
of novel PCSKS allosteric modulators consisting of substitutad
1-methyl-1,2,3,4-tetrahydroisogquinolines with general struc-
ture 5 (Figure 3), endowed with high affinity for a peculiar
site of the protein, that is not involved in the PCSKS-LDLR
interaction [26]. In particular, this unprecedented allosteric
binding pocket was predicted in silico by using the Molecular
Operating Environment Site Finder tool, and it is located
between the catalytic and C-terminal domain of PCSKD shaped
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Figure 1. General structure 1-4 of the heterocyclic compounds patented by Cardio Therapautics Pry Ltd as potential new PC3ES small molecule inhibitors.

by Asp360, Arg357, Arg458 and Arg476 [27]. The authors also
published the ¥-ray structures of several compounds, which
are covered by the patent, in complex with the above-
mentioned PCSK9 allosteric site (PDB accession codes: 6U26,
GUZN, 6UZP, 6U36, 628, 6U3X) [27]. Additionally, they seem
to bind to such site independently from PCSKS's binding to
LDLR. Basides inducing PCSK9 degradation through this unu-
sual pathway, these compounds displayed the capacity of
reducing intracellular levels of PCSK9 (both as pro-protein
and mature form) and are potentially important in the treat-
mient of clinical conditions affected by PCSKD levels and func-
tionality, such as atherosclerosis, hypercholesterolemia,
coronary heart disease, metabolic syndrome, acute coronary
syndrome, and related CV diseases. This invention covers any
pharmaceutically acceptable salt or any pharmaceutical com-
position comprising one of said molecules or its salification
product and any pharmaceutically accepted camrier. Talking
about the combination, the other drug can be of various
types, going from statins to Angiotensin - Converting
Enzyme (ACE) inhibitors and sartans and many other classes,
The embodiments cover all forms of the compounds pre-
sented, such as solvates, hydrates, sterepisomers, tautomers
but also free acids and bases and alternative salts.

Seweral experiments were carried out to assess the com-
pounds’ capacity to bind the PCSKS protein, such as Differantial
Scanning Calorimetry (DSC) and Fluorescence Polarization (FP),
and their effectiveness in inhibiting its functionality performing
a protein degradation assay. In the DSC assay, compounds desig-
nated as examples 1-92 and 109-112 were tested and most of
them exhibited ATm walues > 1°C. The higher the temperature
shift, generally, the higher is the affinity. The stabilization of
PCSKD through these molecules” binding refers to an inactive
form of the protein, that impairs its ability to bind to LDLR and,
therefore, leads to an increased level of receptors on hepato-
cytes' surface and ameliorates the uptake of circulating LDL. The
compound with the highest affinity in this test is compound 2
(example 85), exhibiting a ATm value of 9623 (Figure 3). Alsa in
the FP assay, the high affinity bond relates to the stabilization of
an inactive conformation of PCSKS and the consequent boost of

[Example 27)

PO
"@f*@f%
(Y

N

Figure 2. Chemical strecture of the most potent PCSKS inhibitor reported In the
patent.

LDLR population. The lowest ICg; value was observed in the casa
of compound 3 (example 14, 2.37 nM), represented in Figure 3.
Finally, in the protein degradation assay, the reported Dl
values reprasent the effective concentration of the tested mole-
cule to lower PCSKS protein levels, of both ‘pro” and ‘'mature’
forms, by 50%. The most effective compounds in lowering pro-
PCSKD are represented by compound 4 (example 94), examples
99 and 104, exhibiting DCgy values of 1.26, 1.37, and 1.53 pM,
respectively, while the significantly most active against the
mature form is compound 5 (example 96), showing a DCs,
value of 1.05 pM (Figure 3).

2.1.3. Aarhus university

Liver heparan sulfate proteoglycans are PCSKO receptors and
assential for PCSKO-induced LDLR degradation. The heparan
sulfate-binding site is located in the PCSKO prodomain and
formed by surface-axposed basic residues interacting with
trisulfated heparan sulfate disaccharide repeats. Accordingly,
heparan sulfate mimetics are potent PCSKS inhibitors. It was
proposed by Gustafsen et al, from Aarhus University of
Denmark, that heparan sulfate proteoglycans lining the hepa-
tocyte surface capture PCSK9 and facilitate subsequent PCSK9-
LOLR complex formation [28].
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Figure 3. Genaral structure and represemtative examples of PCSKS allosteric binding tetrahydrotsoquinclines patented by Marck Sharp & Dohme Corporation in

IE

Motably, the patent entitled “Compounds for treatment of
lipoprotein metabolism disorders’ by Gustafsen et al. relates to
the use of heparin analogues as PCSKY inhibitors for the
treatment of lipid disorders [29]. In the first aspect, the inven-
tion relates to a composition comprising a compound with
general structure &, or a pharmaceutically acceptable salt,
solvate, polymorph or tautomer thereof, described in Figure 4.

Sevaral heparin mimetic compounds were developed, and
seven of themn are cummently being used in clinical settings for
various purposes. These compounds are referred to as heparin/
heparan sulfate mimetics and belong to different chemical
classes, including oligosacchandes, oligonuclectides, and
naphthalene derivatives [30]. Dedicated tests on a subset of
these mimetics to evaluate their ability to bind PCS5KS and
increase LDLR in HepG2 cells were carried out. The sulfated
oligosaccharides dextran sulfate and pentosan sulfate both
directly bound to PCSKS with affinity constants of 180 and
3B pM, respectively, as estimated wusing Microscale
Thermophoresis (MST). This binding resulted in a dose-
dependent increase in cellular LDLR, reaching a plateau of
around 400% compared to the control. It was observed that
the interaction depended on the presence of sulfate groups, as
non-sulfated  dextran showed no affinity for PCSKG.
Furthermore, the sulfated nmaphthalene derivative suramin, an
antiparasitic drug used against African sleeping sickness, led to
an up to 15-fold increase in LDLR and consequently amelio-
rated the HepG2 ability to uptake LDL Phosphorothioate

oligonuclectides are highly anionic and are known to interact
with heparin-binding proteins [31,32]. Therefore, 2 modified 36—
mer phosphorothioate  obigodeoxycytidine  (5-dC-36) was
assessed demonstrating that it successfully binds to PCSKS with
a Ky of 48 pM, with inhibitory activity within this range of
concentration. Based on this evidence, it appears clear that
several negatively charged compounds exhibit inhibitory activ-
ity toward PCSKD. To obtain a better understanding of the
structure - activity relationships, crystallographic data on
a PCSK9-heparin mimetic complex was acquired, suggesting
that a dextran sulfate disaccharide interacting with Arg93,
Arg®7, Arg104, and His139 of PCSKS. Owverall, these findings
suggest that the number and placement of negatively charged

n
General structure 6

Figure 4. General structure of the heparin analogues patented by Aarhus
University In 2018
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functional groups of sulfated sugars and mimetics are crucial
determinants for their binding and activity toward PCSKG.

2.2. Year 2019

2.2.1. China pharmaceutical university

The “China Pharmaceutical University' of Nanjing patented the
use of Kaempferol 3-0-2'-{6"-p-coumaroyliglucosyl rhamno-
side (KCGR), a monomer component of a traditional Chinese
medicing, for the treatment of diseases mediated by PCSK®
[33]. The chemical structure of KCGR (compound 6) is made by
a central rhamnose core which hemiacetal -OH group forms
a glycosidic bond with a Kaempferol fragment while its hydro-
xymethyl functionality is esterified with a residue of p-couma-
ric acid (Figure 5). Study conducted by patent invemtors
demonstrated the efficacy of the inhibitor in providing
a beneficial effect in the reduction of the level of lipids in
blood. In particular, the authors discoverad for the first time
that KCGR possesses the specific activity of inhibiting both the
combination of PCSK9 and LDLR. In fact, KCGR exhibited
a reduction of the levels of TC (total cholesteroll, TG (triglycer-
ides) and LDL-C in the plasma of hyperlipidemic mice models,
an increasement of the level of HDL-C (high-density lipopro-
tein cholestarol), and an improvement of the lipid metabolism.
In silico studies showed the ability of KCGR to bind with high
affinity to the active pocket region of PCSK9 crystal structure

HO

HO™ [ oM OH
oH OH

KGR

Figure 5. Chemial structure of Kaempferol 3-0-27-(6"-p-coumaroyligiucosyl
rhaminaside (KCGR).
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and establish stable H-bond interactions with multiple sur-
rounding amimo acid residues [34]. Moreower, a binding
assay confirmed that KCGR and human recombinant PCSKO
protein had strong binding force (Kz =15 nM) [34]. In particu-
lar, the bio-layer interferometry method was employed to
ascertain the binding kinetics between the ligand and
PC5KG, utilizing the Octet RED9G system at 25°C. Taken all
together, these findings represent am advancement in the
treatment of cardiovascular diseases and cemain forms of
hyperlipidemia.

2.2.2. Merck Sharp & Dohme corporation

In 2019, Merck Sharp & Dohme Corporation published two
different patents covering novel macrocyclic inhibitors of
PCSKS with promising activity at nanomolar level. In the first
patent, the chemical structures of the compound belong to
a series of pseudopeptide macrocyclic derivatives bearing
several modified amimoacidic residues, with general structure
7 (Figura &) [35]. Selected compounds of the invention weare
examined by in vitro assays to determine their potency in
blocking PCSKS activity. Binding affinity was described as K,
and the values were obtained through biclogical assessments
using Alexa FRET Plus (K-plus) and Alexa FRET Ultra (K-ultra)
TR-FRET kits and they are reported in nanomolar (nM). The
gight most promising compounds showed a K-plus lower than
0.00558 nM and a K-ultra comprised betwaan 0.00074 (axhib-
ited only by compound 7, patented as EX-31) and 0.00557 nM
(Figure &).

The second patent highlights the advantages of using
novel macrocyclic compounds as potemt PCSKS inhibitors
[36]. Chemical structure of the inhibitors resembles
a pseudopeptide backbone, embodying a functionalized tryp-
tophan, specifically bearing a fluorinated indole moiety and
methylated tyrosine and proline frameworks, with general
structure 8 (Figure 7). Selected compounds of the invention
were examined by two in wiro assays to determine their
potency in blocking PCSKS activity. K, measures were obtained
through biological assessments using Alexa FRET Standard (K;
standard) and Alexa FRET Plus (K, plus) TR-FRET kits and the
values are reported in nanomaolar (nM). The most active com-
pounds tumed out to be compound 8 (patentad as Ex-BO3)

0
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b H J H tcu
a H N
e en i N
' "
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o

Figure 6. zeneral stracture of the compouwnds covered by Merck Sharp & Dohme Corporation, and the chemical structure of EX-31, which represant the most potent

compound of the series.
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Figure 7. General structure of the compounds covered by the second patent of Merck Sharp & Dohme Comporation, and the chemical structure of Bx-B0Z, which

reprasent the most potent compound of the sanes.

and Ex-B04, bearing an amide bridge betwean moadified pro-
line and phenylalanine residues, and derivatives EX-0OT03-06,
where the same amino addic residues are connected via
a triazole functionality to construct the tricyclic architecture.
All these compounds showed a K, standard lower than 126 nM
and K, plus compnised between 0.008 (exhibited only by com-
pound 8) and 0.32 nM (Figure 7).

Interestingly, this class of compounds was furtherly devel-
oped, finally attaining a promising drug candidate (see section
2.4.1 for details).

2.3. Year 2020

2.3.1. Nowartis AG

In 2020, Novartis AG has filed two different patants regarding
tetrameric and pentameric cyclic polypeptide PCSKS inhibi-
tors, respectively, which are helpful in the treatment of cho-
lasterol lipid metabolism and other metabolic disordars in
which PCSKS protein is involved.

The first patent covers all the compounds with general
structure 9 (Figure B) and comprises their pharmaceutically
acceptable salts, hydrates, solvates, prodrugs, sterecisomers,
M-oxides, or tautomers [37]. The PCSKS binding capacity of the
compounds was measured using a TR-FRET assay which was
performed on EnVision or PheraStar instruments. Thesa expari-
ments measured the ability of the compounds to interfere
with the binding of human PCSK9 protein to human LDLR,
providing the measures of both potency (ICs,) and efficacy.
A total of 178 compounds were reported as examples, and,
ameng them, the I g, values ranged from 1.49 pM to 150 pM,
however the ICs, values of the majority of the compounds fall
in the picomolar range. In fact, a total of 106 polypeptides out
of 178 showed ICss values below 1nM, and four of these
showed wvalues below 200 pM, as observed for compounds
9-12 (patented as example #10, #12, #138, and #1239, respec-
tivelyl, representing the most potent PCSKS inhibitors
reported in the patent (Figure 8).

The second Novartis AG disclosure relates to PCSKS inhibitors
with general structure 10 (Figure 9) [38]. The company, already in
tha market with Inclisiran, in this patent covered cydic penta-
meric N-substituted peptides in which X is C or N atoms and B

substituents can be often H, C1-Cé alkyl or haloalkyl groups
[Figure 9). More than 300 examples of compounds were reported
in the patent. For all of them the PCSKD inhibiting activity was
measured by TR-FRET assays using unlabeled human PCSKD as
positive control and buffer/DM30 as negative control. The high-
est inhibitory activity, associated with the lowest ICy, value (0.9
nM), was displayed by compound 13 (patented as example 85)
reported in Figure 9. Interestingly, 12 other compounds showed
ICsy values lower than 1nM and a protein inhibition activity
higher than 88%.

As wusual in the patent descriptions, no structural or
mechanistic information is provided and, to the best of our
knowledge, the inventors did not publish any data on thesa
compounds, only one of the inventors (Yang L), together with
other Novartis researchers, published an interesting paper in
which macrocyclic natural peptides were discoverad [30]. In
this effort, the Novartis researchers, through an affinity-based
screening process involving over a trillion in vitro-translated
macrocyclic peptides, successfully pinpointed compounds that
exhibit a strong binding affinity to PCSK9 at the low-
nanomolar level. These compounds not only disrupted the
function of PCSK9 but also made use of a distinctive, induced-
fit pocket of PCSKD [30]. It is possible that the compounds
coverad by this patent could share with the macrocyclic pep-
tides reported in the published article the discovery process
and the action mechanism.

2.3.2. Dogma Therapeutics, Inc

The patent of Dogma Therapeutics, Inc. describes movel het-
eraryl compounds of general structure 11 differently substi-
tuted (Figure 10}, or their pharmaceutically acceptable salts,
which are able to interact with a new discovered binding
pocket defined by amino acid residues Val589 and Serfi3é of
human PCSKO protein [40]. In September 2020, AstraZeneca
AR acquired the oral PCSK9 inhibitor programme from Dogma
Therapeutics, Inc. These compounds can inhibit the activity of
PCSKD, thus resulting in an increase in LDLR levels on the liver
surface. The affinity (Kp) of the compounds on human recom-
binant PCSK9 protein was measurad through Surface Plasmon
Resonance (SPR} experiments, in particular, the biophysical
data were collected on a Biacore™ system (GE Healthcare).
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Inhibitory activity of the serles.
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Figure 10, General struchure of the nowel heteroaryl allosteric inhibitors of PCSKS protein, patented by Dogma Therapewtics Inc,, and chemical structure of the

reprasentative compounds 14-17.

Out of 511 compounds tested, 261 showed a K value lower
than 200 nM.

The representative compounds with general structure 11,
for a total of eight compounds, were then selected for the
in vitre cellular assay to measure the secreted PCSKD levels,
cellular LDLR levels and cell viability. An inhibitor of PCSK9
translation (51-1) was used as positive control and was
synthesized according to the patent deposited by Pfizer in
2074 [41]. At the tested concentration of 75 uM, the com-
pounds were able to increase LDLR levels up to 126% (in
the case of example #89) and did not induce significamt
changes regarding cellular viability (values range between
—14% and 12%). Surprisingly, the compounds inhibited also
the PCSK9 secretion level up to 72% (in the case of example
#175), but the mechanism of action was not highlighted in
the patent description. Finally, the pharmacophore charac-
terization was assessed by crystallographic experiments per-
formed on compounds 14-17 (patented as examples &5,
#B7, 4105, and #188, respectively), which are endowed with
a Ky value lower than 200nM (Figure 10). Crystals were
cryo-cooled for synchrotron data collection at ESRF beam-
line ID20A -1 or DLS beamline 104 on a Pilatus3 2M or 6 M
—F detector, respectively.

2.4. Year 2021

2.4.1. Merck Sharp & Dohme Corporation

In 2021, Merck Sharp & Dohme Corporation patented macro-
cycles representing the final stage of the development of
PC3KS inhibitors obtained by mRNA display technology [42-
44]. This technique is a robust in wvitro affinity selection
system, enabling the examination of extensive peptide
libraries genetically encoded. This platform controls the tran-
scriptionftranslation  apparatus  and  post-translation

cyclization, all within cell-free settings, to assemble these
libraries. A noteworthy aspect of this technigue is the cova-
lent linkage of mRNA to the peptides it encodes, allowing
for the amplification of desired peptides exhibiting interac-
tions with the targat of interest. The use of this technique,
together with structure-basad studies, led to the develop-
ment of highly potent macrocyclic peptides with general
structure 12, considering the patent (Figure 11) [45]. As
can be noted, the chemical structure of macrocyclic peptides
bears a tricyclic amino acid portion with naturally occurring
and non-naturally occurring amino acids variously linked via
side chains.

The patented structures resulted from studies on linear
peptides, progressively cyclized creating bridges betwean dif-
ferent points of the loops, giving the structure considerable
conformational rigidity, protecting the cleavage sites suscep-
tible to gut enzymes like trypsin, chymotrypsin [44]. In the first
patent examples, it is interasting to note that the R substitu-
ents are long chains containing varows PEG, ethanclamineg,
glutamic acid, glycolic acid, glutamate, and long-chain dicar-
boxylic acids (C16-C18). These groups, variably inked by ester,
ather, or amide bonds, impant zwitteronic characteristics to
the structuras, maybe enabling the fine tuning of the chemi-
cal-physical properties of the resulting compounds. The pub-
lished papers [43,44] do not report any of these long chains,
neithar clarify the importance of them. Conwversaly, in both
papers the authors stated that this portion i responsible for
the PK properties of the compounds, influencing also the
OATP inhibition and the mast cell degranulation, particularly
when a LYS residue composes the R substituent of the macro-
cycles. Nevertheless, the use of a PEG linker, equipped with
a trimethylammonium group substituting the side chain of
LYS, solved this PK issue maintaining, at the same time, the
low Ki value displayed by the compounds.
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Figure 11. General structure of Merck Sharp & Dohme Corporation compounds, and chemical stnscture of compound 18 (Example 5), that represants the mast

potent compound. A~ 1 any pharmaceutical acoeptable counter lon.

Structural information is known about the PCSKOYpeptide
complex and the binding maode of the compounds on PCSKD.
In fact, from the deposited X-ray structures (PDB accession
codes 6XIB to -F [43], 755G and 755H [42]), the macrocycles
interact with PCSK9, preventing PPl with LDL-R, in the area
shaped by the 5153 and the B-hairpin in which the disulfide
bridge C375-C378 is located.

The biological activity of the peptides was measurad by
Alexa TR-FRET experiments. Particularly, biotinylated PCSK9
was used while the peptides were tagged with
AlexaFluors47, in the presence of Lance streptavidin euro-
pium. Among the 13 compounds reported as examples
(described in the Tables 1 and 2 of the patent original docu-
ment), the most active was compound 18 (patented as exam-
ple 5), reported in Figure 11, displaying a K, value of 0,13 nM.

In the same year, Merck Sharp & Dohme Corporation
deposited another patent [46]. Comparing the structures cowv-
ered by both patents, the general structure 13 (Figure 12)
seems essentially the same but, in this patent, the A" and A*
partions of the first patent (Figure 11) are better denoted. In
particular, A" is -CH;-NHCO-CH,- while A% is -CHR'-NHCOICH,)
2~ The previous patent already covered carbonyl derivatives as
substituents at positions A" and A% but in this patent, 68
examples are given, displaying new compounds bearing new
substituents &, R', and R? for which K, values spanned from
0.121 to 0.001nM, as resulted by K, measurements accom-
plished by using the same TR-FRET method. The compound

showing the lowest K, value (0.001 nM) is compound 19
(patented as example 18), reported in Figure 12.

As can be seen, compound 19 has a -{CH;)s- alkyl chain as
A substituent, a methyl group as R', and an R* chain bearing
the dicarboxylic acid of compound 5 of the first patent. The
gain in activity could be due to the optimal A" and A® sub-
stituents of the generic formula covered by the first patent.
Furthermnore, in the 58 compounds shown as examples
(Table 1 of the original patent), the A-spacer of the general
formula is always an alkyl chain bearing 5 or & carbon atoms,
sometimes also umsaturated (ie. examples 25 44, 48).
Compounds exhibiting these variations continued to show K;
<0.010nM, an indication that thesa variations had litthe influ-
ence on the biological activity of the compounds tested. On
the other hand, Merck Sharp & Dohme Corporation reported
68 examples bearing huge R* substituents, do not clearly
displaying the structure of MK-0616, a very promising drug
candidate entering the clinical phase HI [47]. In the structura of
MK-0616, the PEG linker as R® substituent, was replaced by
a simpler -{CH;)s-N"(CH1)s, do not present in any of the 68
reported example.

Despite the simplicity of the chain, MK-0616 retains a K
value of 5 pM, indicating that the R* is not really critical for the
PCSKS inhibiting activity of the compounds. ME-0616, not
only exhibited a strong affinity for PCSKD in laboratory set-
timgs, but it demonstrated poor renal and hepatic clearance,
adequate safety, and oral bioavailability during preclinical

Table 1. Structure and Inhibition rate values of the mast potent compounds reported In the patent.

Compound  Inhibitian rate (%) Structure IPALC
24 (4] o0.2 %= iw 4-[Ni2-ethylisulionyl]-N-{5(4-2-ethyipiperazinyimethylibenzothlazol-2-4benzamide
fn.'n‘l r%-"‘)—nh‘_‘f_'l:_.\—\
H ’OH v N
R ] H
25 (Ja0) B&.B " '}_ M- e-butylbenzothlazol-2-yl)-2—6-diflucrobenzamide
W —h 3
ATH
26 (122) BA.D Py N-{e-butylbenzothiazol-2-yi)-3-(mfluaromethoxyibenzamide
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Figure 12. Generzl structure of the second patent of Merck Sharmp & Dohme Corporation compounds, deposited In 2021, and chemical structure of compound 19

[Example 18), that represents mast potent compound described In the patent.

evaluations, facilitating its progression into dinical trials. MK-
0616 suggests that, sometimes, the Lipinsky rule cannot be
respected to attain drug candidates. In fact, it represents an
example of high molecular weight drug deriving from the
optimization of active peptides produced by mBENA display
technologies. In Phase 1 clinical trials involving healthy adults,

the administration of single oral doses of ME-0616 rasultad in
a substantial reduction of more tham 93% in mean levels of
free, unbound plasma PCSKD (95% CI, 84-103). Among parti-
cipants concurrently receiving statin therapy, the use of multi-
ple oral doses of 20 mg MK-0616 once daily for 14 days led to
a maximum reduction of 61% in mean levels of low-density
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Figure 13. General stnecturz of the dilmidazole analogues and the most potent example of the Dim serles (Dim1€) patanted by the University of Milan in 2021.

lipoprotein cholesterol from baseling (95% CI, 43-85) [48]. This
work validates the approach of using peptide libraries from
mRMNA display technologies for the identification of novel oral
therapeutic agents, exemplified by the invention of MK-0&16.

2.4.2. University of milan

In 2021, the University of Milan patented a disclosurae relying
on diimidazole analogues with general structure 14, endowed
with high PCSK9 inhibiting activity (Figure 13) [49]. As stated
by the authors in the papers praceding the application for the
patent [50-54], the source of inspiration of these compounds
derived from the presence of a B-sheet shaping the interaction
between the EGF-A domain of LDL-R and PCSKS, as can be
clearly seen in the X-ray structure deposited by McNutt et al.
(PDB accession code 3GCX) [55]. Stucchi et al. demonstrated
that a poli-imidazole chain well resembles the B-strand con-
formation of a poli-Ala chain [50]. Then, the synthesis and the
preliminary biological investigation of a simple N-Methyl-
totraimidazole (Melm) validated this hypothesis, since it dis-
played am IC;; value in the micromolar range. The further
optimization of the chemical structure of Melm chain led to
thie Rim compounds [54] and, finally, to the synthesis of com-
pound 20 (patented as Dim16) reported in Figure 13, display-
ing an ICsp walue lower than 1nM [56]. Further biological
investigations of the compounds demonstrated that they can
decrease the HepG2 LDL-C uptake and increase the LDLR
population on the cell surface. Remarkably, similarly to other
natural peptides derived from lupin seeds hydrolysis, Dim
series displayed am inhibitory activity on the LDL-C metabolic
pathway. In fact, some of the compounds covered by the
patent can inhibit HMG-CoAR, the enzyme targeted by the

antiaggregating activity, opening the way to the developmeant
of a new therapeutical application of PCSKD inhibitors [S6].

2.5. Year 2022

2.5.1. Cardio Therapeutics Pty Ltd

Researchers from Cardio Therapeutics Pty Lid. descaibed the
synthesis and biological evaluation of a series of small mole-
cules, with general structure 15 (Figura 14) [57].

They are constituted by a central aromatic or heteroaro-
matic six-membered ring, which is decorated with a variety of
substitution patterns. One hundred and fifty-four different
compounds have been prepared by straightforward synthetic
protocols and fully characterized by means of LC/MS(ESI)
and'H NMR experiments. All compounds were assayed for
their ability to inhibit the binding between PCSK9 and the
LDLR wsing a Circulex PCSKS-LDLR in vitro binding assay kit,
displaying sy values in the high nanomolar range. All com-
pounds were assessed for their oral suitability in Caco-2 assay.
Caco-2 cells are a human colon epithelial cancer cell line used
as a model of human intestinal absorption of drugs. The
permeability coefficient (Papp) denotes the permeability of
the drug through a monolayer of cells. Ex vivo LDLR surface
expression on primary human lymphocytes was evaluatad
using most promising derivatives, namely example 3f (ICg,
020nM), compound 21 (patented as example 29, 1Cg, 320
nM, Figure 14), example 122 (ICs; 279nM) and example 131
(ICsp 547 nM, in comparison with the positive control alirocu-
mab, a fully humanized monoclonal antibody. These com-
pounds, endowed with high bioavailability in the in vitro
Caco? study, were further assessed in a dedicated in vivo

statins. Additionally, compound 20 exerted platelet pharmacokinetic study. Within these tests, various additional
—
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General structure 15

21 (Example 29) O,

Figure 14. Representation of the general structure of the small molecules patented by Cardie Therapeutics Pty Ltd. and the most promising ane, compound 21

(Example 29}, showing potent PCEKS-LDLR inhibiting activity and tested In wive.
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Figure 15. (Top] General structure of the small molecules patentad by SRX Cardio LLC In 2022 {Bottom) Structure of the mast promising compourd 22 (#1008) from
biclogical assays, and structure of the raprasentative compound 23 (#1041] selectad to evaluate the orl bicavallabllity and efficacy in mice.

ADMET properties of compounds of the invention were
assessed, such as HepG2 cytotoxicity (HepG2 is a human hepa-
toma commanly used in drug metabolism and hepatotoxicty
studies), hERG assay (the hERG channel inhibition assay is
a highly sensitive measurement which identifies compounds
exhibiting cardiotoxicity), and CYP assay (the CYP enzyme
inhibition assay predicts a drug candidate’s predisposition to
inhibit cytochrome P450 enzymes). Among them, compound
21 was selected for in vive efficacy study, as monotherapy and
in combination with atorvastatin. As monotherapy, oral dosing
of compound 21 at 30mg'kg and 50 mg/kg were able to
reduce total plasma cholesterol levels by more than 30% and
50%, compared to the wehicle control, respactively, owver
a period of four weeks. The results also show an increase in
plasma PCSKD levels over the same time period. The increase
in PCSKS plasma levels indicates that compound 21 is inhibit-
ing the interaction of the protein with LDLR in vivo and, as
such, PCSKS cannot be taken up by the liver cells from the
blood. Finally, the results from experiments in combination
with atorvastatin demonstrate at least an additive effect. All
these results confirm the efficacy of compound 21 to modu-
late PCSKO levels and to reduce the circulating LDL-C follow-
ing the oral dosing of the compound.

Maore information is also available in the research article
published on the Journal of Lipid Research,in which the com-
pound 21 (example 29) is reported as NYX-PCSKSi [58].

2.5.2. SRX cardio LLC

The patent of SRX Cardio LLC describes a series of small
malecules with general structure 16 (Figure 15). Thay are
constituted by a six-membered aromatic or hetercaromatic
ring A and a six-memberad non-aromatic ring B, linked
together and decorated with various substituents. They pre-
sent a stereocenter and are described as single stereoi-
somers or mixtures of sterecisomers. Sewventy-five
molecules are listed in the examples section, but the

synthesis and structural characterization, as racemic mix-
tures, are briefly reported only for the most promising maole-
cules [59].

Biological assays data are reported for selected com-
pounds. Cells, such as HepG2, HuH?7, FLE3B, or a cell line
transfected with a short-hairpin PCSK9 knockdown sequence
have bean cultured and analyzed for both cell viability marker
(dead cells) and LDLR levels in live cells, using a flow cyt-
ometer. Cells incubated with small molecule compounds that
are inhibitors of PCSKO are expected to show increased
amounts of LDLR, ralative to control (no compound) speci-
mens. The percentage racovery in the LDLR assay at 10 pM
concantration showed that only molecules #1003, #1006, com-
pound 22 (patented as #1009), and molecule #1035, have
demonstrated a LDLR percentage recovery higher than 80%.
Fluorescent-LDL uptake analysis by flow cytometric analysis
was also camied out. The LDL-uptake assay showed that only
compound 22 (Figure 15), and molecules #1010 and #1011,
have demonstrated am ECso at concentrations lower than 05
UM, representing the most promising compounds.

Finally, a representative compound 23 (patented as #1041)
was tested for oral bicavailability and efficacy in mice
(Figure 15). Following repeated treatment with the compound,
a T2.1% reduction in AST (aspartate aminotransferase) levels
and a 77.7% reduction in ALT (alanine aminotransferase) levels
provide diract experimental evidence that the compound was
reversing liver damage induced by a high fat diet and could
be useful as a treatment for liver disease or liver dysfunction.

2.5.3. Hebei normal university & institute of medical
biotechnology CAMS

Hobeai Normal University and the Institute of Medical
Biotechnology Chinese Academy of Medical Sdences patented
a series of benzothiazole compounds with general structures
17-19, or a pharmaceutically acceptable salt thereof,
described in Figure 16 [60].
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Figure 16. General structure of the benzothiazole patentad by Hebel Nomnal University and Institute of Madical Biotachnology Chinese Academy of Medical

Sclences In 2022
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Figure 17. General structure of the new discovered aming akohol dervatives and the most potent PCSKS-LDLR inhibitor reported In the patent of Dasgu

Gyeangbuk Medical Innovation Foundation and Kyungpook Mational Unbvarsity.

All the benzothiazole compounds mentioned above exhibit
a significant inhibitory affect on PC5K9, making them suitable
for the development of PCSKD imhibitor drugs. In this experi-
ment, HepG2 cells served as the experimental modal and the
inhibitory effect of the test compounds on PCSKO activity was
determined by chemiluminescent experiments.

In this patent, the inhibitory activity of 49 compounds
against PCSKY protein was tested. Only the examples 113-33,
132-36 14344 and J49, exhibited an inhibition rate equal to
or greater than 50%. Among all, the compounds 24-26
(patented as J14, 120, and 122, respectively) demonstrated
the most significant inhibitory effect (Table 1).

2.5.4. Daegu gyeongbuk medical innovation foundation &
kyungpook national university

The patent deposited by Daegu Gyeongbuk Medical
Innovation Foundation and Kyungpook Mational University
relates to the potential use of newly discavered amino alcohol
derivatives with general structure 20 (Figure 17) [&1]. This
patent also comprises the pharmaceutically acceptable salts,
hydrates, solvates, tautomeric forms, and sterecisomers of the
compounds displayed. From the paint of view of the formula-
tion, the embodiments of the invention cowver several

administration methods: oral (sublingual, buccal), intrathor-
acic, subcutaneous, intramuscular, and parenteral.

A PCSK9-LDLR binding assay experiment was conducted on
a culture of HepG2 cells to assess the inhibitory activity of the
aming alcohol derivatives. As a positive control, the well-
established PCSK9 inhibitor SBC - 115076 compound was
used as described in the patent published by Shifa
Biomedical Corporation in 2014 [24]. In particular, the binding
inhibition rate of PCSKS with LDLR was assessed by measuring
the relative binding rate. The inhibitor's effect was evaluated
by comparing the PCSKS-LDLR binding rate of the treated
group to the control group (not treated with the imhibitor),
set at 100, Results demonstrated that the reference compound
SBC-115076, when treated at a single concentration of 10 pM,
effactively inhibited the PCSK9-LDLR binding, showing
a 47.39% inhibition rate.

Among all the compounds tested, 27 (patentad asexample 4),
reported in Figure 17, demonstrated a superior PCSKS-LDLR
binding inhibition {40.38% inhibition rate) compared to the posi-
tive control, indicating its potential as a PCSKD inhibitor. These
findings suggest that the compounds of the presant invention
have the potential to prevent, improve, or treat hypercholester-
olemia by inhibiting the binding of PCSKI-LDLR.
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Figure 18. General stucture of the nowvel compounds patented by Shenghe
Pharmaceuticals Jiangsu LTD In 2023.

2.6. Year 2023

2.6.1. Shengke Pharmaceuticals Nangsu LTD
The patent of Shengke Pharmaceuticals Jiangsu LTD describes
the synthesis of 28 novel compounds based on a central glycine
core, modified with a para—amino biaryl structure and an indole
moiety with general structure 27 (Figure 18) [6Z]. The invention
showed promising results for most of the compounds and the
most interesting examples are reported in Table 2. Fluorinated
biaryl structures are endowed in the most active molecules,
where the halogen directly functionalizes the phenyl ring (com-
pounds 28 and 29, patented as 201 — 277 and 201 — 331, respec-
tively) or through difluoro- (compound 30, patented as 201 -
327) or triflucro- (compound 31, patented as 201 — 284) groups.
The compounds turned out to be potent down-regulators of
the activity of PCSKD, producing a blood cholesterol-reducing
action. In particular, the biological activity of the compounds was
mieasured through the treatment of HepG2 cells with the respec-
tive drug and a reduction of the leval of PCSK9 was observed and
described as percentage of inhibition (Table 2). Moreowver, a RT-
(0-PCR analysis was conducted to clarify the mechanism of action
of the molecules, strengthening their role in the depletion of the
expression of PCSKD (Table 2). The compounds showed a good
level of safety during conventional cell viability assays. In
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addition, the authors performed a metabolic stability test incu-
bating the compounds with human or rat liver microsomes,
indicating that compound 31 (201 - 284), bearing a -CN group
on the indole moiety and a para-CF3 substituted phenyl ring,
represanted the most stable candidate. The isoquinoline alkaloid
berbarine was used as a positive control in the biological experi-
ments performed (Table 2L

2.6.2. China pharmaceutical university

In March 2023, the public China Pharmaceutical University
provided a class of structurally novel compounds endowed
with PCSK9 inhibitory activity to be used alone or in combina-
tion for the prevention and/or treatment of hyperlipidemia
and related metabolic diseases [63]. Compounds 32-35
(Figura 19) were discovered wig virtual screening and their
biological activity was wverified through in vifro protein-
protein interaction inhibitiocn experiments, protein binding
force test experiments and in cell test experiments.

Moreover, the compounds could alse be subjected to phar-
maceutical formulation such as capsules, powders, tablets, gran-
ules, pills, injections, syrups, oral liquids, inhalants, cintments,
suppositories or patches and other comventional phammaceutical
preparation forms. Compounds 32-35 demonstrated to inhibit
the binding of PCSK9 protein to LDLR on the surface of liver cells
by directly binding to PCSK9 protein, thereby inhibiting the
degradation of LOLR, increasing the level of LDLR on the surface
of lver calls, promaoting the uptake and processing of LDL from
the blood, and reducing cholesterol levels.

A lipid—lowering effect was observed for compounds 32-35
and can be further used in the development of hypolipidemic
drugs also in association with already marketed pharmaceuticals.
The experimental results show that compounds 32 (AG-205/
07687040, CAS: 330023-50-5), 33 (AN-153/13306332, CAS:
TO7808-17-4), 34 (AH-487/41802246, CAS: 664316-70-4) and 35
[AN-819/15520007, CAS: 2099167-44-7) can directly inhibit the
protein—protein interaction between PCSK9 and LDLR, as shown
PCSKS-LDLR binding inhibition in vitro. During the assay, the
inhibitory rates of compounds with formula 32-35 at
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Figure 19. Chemical structures of compounds 32-35 patented by the public China Pharmaceutical Unbversity In 2023
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a concentration of 25 pM on PCSKS-LDLR protein-protein inter-
action were 420+ 6.8%, 828+ 1.7%, 459+ 1.6% and 642 +
0.7%, respactively. Further dilution experiments showed that
the inhibitory activity of 35 on PC5K9-LDLR protein-protein inter-
action was dose—dependent (Cso=7.57+1.40pM). A strong
binding to PCSKS was obsarvad for compound 35 using a SPR
method, and the stability of the binding was also confirmed by
computational studies. Compound 35 was tested for its ability to
restore LDL uptake showing optimal results and the treatment of
cells with high concentration of compound 35 showed a good
inhibition of the expression of LDLR. Such features, combined
with low cytotoxicity, indicated that compound 35 possesses
a potential cholesterol-lowering activity and lipid-lowering
effect, and can be further used to prepare blood-lipid-lowering
drugs.

2.7. Expert opinion

Genetic studies have revealed that variations in the PCSKS
gene, spacifically the R46L polymorphism, prasent in 2-3%
of the population, are linked to lower levels of LDL-C and
a protective effect against cardiovascular issues. This finding
prompted the development of strategies aimad at inhibit-
ing or eliminating PCSK9 activity. The rationale behind this
approach stems from the observation that PCSK9 appears
to primarily regulate the population of LDL receptors on
liver cells, thereby influencing circulating LDL-C, with no
apparent physiological roles beyond this function. The sig-
nificant therapeutic potential of the PCSKO inhibition has
led numerous entities worldwide, including companies and
academic institutions, to patent diverse compounds such as
small molecules, natural and non-natural peptides, siBNA,
and monoclonal antibodies. Mow, only monoclonal antibo-
dies such as alirocumab (Sanofl) or evolocumab (Amgen)
and siRMA (Inclisiran, Alnylam and Novartis) reached the
market for the treatment of CVD. Nevertheless, the high
cost makes these remedies unusable in the underdeveloped
countries and for this reason orally bioavailable small male-
cules never lose imterest. For this reasom, to date, many
companies amd universities have continued to search for
PC3K9 modulators, as evidenced by the B10 patents filed
in the last 5 years.

It was interesting to note that some patented compounds
do nat act only inhibiting the PCSKY/LDLR interaction. In fact,
the compounds patented by us (diimidazoles) are also active
in inhibiting HMG-CoAR (as statins), improving their hypocho-
lesterolemic effect. Remarkably, some of the patented struc-
tures hawe started the processes of clinical development, in
particular ME-D616 (demonstrating PCSKS affinity in the pico
molar range) has successfully progressed to clinical application
and has shown to be effective in reducing cholesterol levels.
However, the intense competition in this therapeutic field is
causing pharmaceutical companies, such as AstraZeneca or
MNovo Mordisk, to reconsider projects that seem competitive
in cholesterol reduction. This is because these projects may
face challenges when integrating into a market that already
has a lomger-acting alternative, like Novartis’ inclisiran. For this
reason, other targets implicated in dyslipidemia are being
contemplated as potential alternatives. Among them, seems

EXPERT OPINION ON THERAPEUTIC PATENTS @ 59

promising decreasing the level of lipoprotein{al [Lp{a)], an LDL
cholestarol variant that contains an apolipoprotein(a) [apofal].
Novartis is leading Phase Il program for pelacarsen, an anti-
sense oligonucleotide (AS0O), interacting with hepatocyte apo-
(a) mRMNA, forming an ASO/mRNA complex. This complex
hinders the translation of apofa), resulting in reduced apola)
production and consequently, diminished levels of circulating
Lpia) [64]. In the same category of RNA-based drugs belong
volanesorsen (Akcea Therapeutics Ireland Limited) and olezar-
sen (lonis Pharmaceuticals), ASD diractad to apoC-lll mBMA,
disrupting apoC-lll translation. This disruption results in
decreased apoC-lll levels, leading to reduced chylomicron
and triglyceride levels. Phase Il clinical trial findings for vola-
nesorsen, published im 2021, revealed a 71.8% reduction in
triglyceride levels compared to the placebo group ower
a three-month period [65]. Unfortunately, volanesorsen cre-
atas reactions in the injection site, and thrombocytopenia has
been observed. Fortunately, lower side effects were observed
by the subcutaneous administration of olezarsen [65].

I comclusion, the identification of PCSK9's involvement in
cholesterol homeostasis has illuminated a wonderful player in
cholesterol metabolism and in the prevention of coronary
heart disease. PCSK9 represents a promising target for redu-
cimng LDL-C levels, amplifying the efficacy of other lipid-
lowering drugs, particularly statins, and advancing the praven-
tion and treatment of hypercholesterolemia. Howewer,
a plethora of academia and pharmaceutical companies are
still involved in the development of PCSKD inhibitors. It is
hoped that other compounds can proceed into clinical dewvel-
opment soon, in order to obtain powerful and effective drugs,
as siEMA and monoclonal antibodies are, but accessible to all
patients at low prices.
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Abstrack (1) Autophagy plays a sagnificant role n development and cell proliferation. This process is
mainly accomplished by the LC3 protein, whach, after maturation, builds the nascent autophagesomes.
The: wnbubation of LC3 maturation fesulls o the mbecfenence of autophagy schvabon. (2) In ths shudy,
starting from the structure of a known LC3B binder (LIR2-RavZ peptide), we identified new LC3B
ligands by applymg an in sihco drug design strategy. The most promising peptides wene synithesized,
bophysically assayed, and baologically ev aluated to ascertam thear potential antiprohferative achivity
on five humans cell ines (3] A cyclic peptide (named Pep6), endowed with high conformational
stabality (due to the presence of a disulhde bridge), displayed a Ky value on LC3B in the nancmolar
range. Assays accomplished on PC3, MCE-7, and A9 cancer cell lines proved that Pepb exhibited
oy totoxice ffects comparable to those of the peptide LIE2-Rav 7, a reference LO3B higand. Furthe rmose,
it was ineffective on both normal prostatic epithebium PNT2 and autophagy-defective prostate cances
DUL45 cells. (4) Pepb can be considered a new autophagy inhibitor that can be employed as a
pharmacalogical tool of even as a emplate for the rabional design of new small molecules endowed
with autophagy inhibitory activiby.

Keywords: peptide; LOC3B; autophagy inhdbitors; cancer; AtgB; LIE motif

L Introduction

In living organisms, autophagy is a highly organized process that selectively cap-
tumes proteins and old or damaged organelles using double-membrane vesicles called
autophagosomes. When autophagosomes fuse with lysosomes, the contents within them
are degraded by the acidicenvironment and lytic enzymes present in the lysosome [1,2].
The recycling ability of autophagy machinery is present in bacteria as well as in eukary-
otic cells, allowing for the conservation of physiological conditions [2,3]. The autophagy
machinery involres more than 50 proteins known as Atgs, but the ones responsible for
forming the autophagosome and facilitating cellular trafficking are members of the Atgs
family. In mammals, Atg8 proteins (mAtg8) are categorized into two subfamilies: CABA-A
receptor-associated protein (GABARAF) and microtubule-associated profein 1 light chain
3 (MAPILC3), also known as LC3. The GABARAF subfamily consists of GABARATL
GARAPLY, and GABARATLZ, while the LC3 subfamily includes LC3A (with its two splic-
ing variants LC3Ax and LC3AR, LC3B, LC3B2, and LC3C) [4]. Proteins within the same

Ine. [ Mol_ Scil 2024, 25, 4622 httpsc/ /doiong/ 10,3390, §ms 25094622
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subfamily exhibit significant sequence similarities and perform similar functions within
the cell. The CABARAP subfamily plays a crudal role in autophagosome closure and the
recruitment of autophagy participants, while LC3 proteins primarily participate in the
process of cargo recruitment [2]. Interference with autophagy by compounds capable of
interfering with Atgs proteins has still not been completely darified, although the use of
peptides or peptidomimetics capable of inhibiting Atg3-Atgs interaction in Plasmodium
falciparum has the potential to fight malaria [5,6]. In physiological conditions, autophagy
degrades unfavorable components such as damaged organelles, pathogens, and oxidized
biomolecules (proteins, DA, and lipids) in response to axidative stress, preventing cell
damage. Conversely, in mammials, it has been demonstrated that dysregulations in the
complex autophagy machinery are associated with various diseases, induding neurode-
generative disorders [7], cardiomyopathies [5], infectious diseases [6,9], type Il diabetes
mellitus [10,11] hepatic steatosis [12], and cancer [13-15]. These pathologies are due to the
autophagy corruption triggened by different stimuli originating from internal or external
environmental factors. The role of autophagy in cancer is complex and depends on the
phase and context of disease progression. It can play a pro-survival role, reducing cell death
and promoting resistance to cytotoxic therapies, or it can be associated with cell death [16].
Mumerous compounds have been identified to either stimulate or suppress autophagy, with
the aim of obtaining therapeutic effects. These regulators serve as valuable research tools for
investigating the intricate machinery of autophagy at a molecular level Additionally, there
is pofential for their future development into promising drug candidates, with the aim of
addressing cancer and other associated medical conditions [17-20]. The known autophagy
regulators are active on biochemical pathways in which mTOR, class [T PI3K (hVps34), Akt,
VATPase, L-type Ca™ channel, Calpain, proteasome, tyrosine kinases, histone deacetylase,
and some others are involved [17-20]. In our previous paper [15], we computationally
designed two peptides (WCS and WC10) endowed with high predicted and measured
affinity on GABARAPE one of the subfamilies of the mAtgS proteins. Interestingly, the
treatments of human metastatic castration-resistant prostate cancer (CRPC) cells PC3 with
WS and WC10 (from 1 to 10 pM) proved the high therapeutic potential of autophagy inhi-
bition since the peptides were mome active than paclitaxel, a common anticancer drug [21].
Mevertheless, LC3B is the most extensively studied Atg# protein in humans due to its
clear assodations with cancer. In fact, a correlation between LC3B expression and higher
tumor grade in clear cell renal carcinoma and other cancers has been established [22-25].
Moreover, studies on ovarian cancer cell lines revealed that the direct targeting of LC3E,
to inhibit autophagy and promote apoptosis, enhances the sensitivity of cancer eells to
chemotherapy [26]. Similarly, Quan et al. demonstrated that combination therapy with au-
tophagy inhibitors and enzalutamide (a known antiandrogen for the treatment of prostate
cancer) effectively induced bladder cancer apoptosis in vitro and in vivo [27]. Intriguingly,
LC3 is initially expressed as pro-L.C3 and undergoes deavage by the oysteine protease
Atg4B to form its cytosolic isoform LC3-L Upon initiation of autophagy, LC3-1 is bound to
phosphatidy lethanolamine (PE), becoming LC3-11, and localizes within the lipid membrane
of developing autophagosomes [15]. AtgdB, together with other proteins involved in the
autophagy machinery [28], and capable of interacting with LC3, possess a specific amino
acidic sequence known as the “LC3 interacting region” (LIE), a small protein sequence
containing four conserved residues. These can be briefly represented as a sequence of
" Xp—X1-X—Xz", in which X is an aromatic residue (Trp/Phe/Tyr), X; and X; can be any
amine acid (often acidic or hydrophobic residues), and X5 is a large hydrophobic residue
like Lew, Val, or [le [24]. For this reason, the LIE domain represents a wonderful starting
point for designing ligands capable of interacting with the LC3 subfamily by applving
the structure-based drug design approach. Among the proteins bearing the LIR domain,
hemein, we focus our attention on the proteome of Legionella preumophila, an intracellular
pathogen that produces a protein called Ravy. This has the peculiarity of triggering a
decrease in the autophagy level of cells infected by L. pneumophila, limiting their ability to
fight the infection through bacterial internalization in autophagosomes [30]. In this paper,
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we adopted a computational protocol that was successfully applied to select biologically
active peptides [21,31,32]; we designed new peptides capable of binding LC3B, using as a
template the structure of the bacterial protein Ravy. The newly designed Rav ¥ analogs,
also containing non-natural amino acids as well as conformational rigidification, were
simulated through molecular dynamics (MDY simulations. Finally, the most promising
peptides were synthesized, ®ested through biophysical experiments on recombinant LC3B
protein, and in vitro assayed to demonstrate their biological effects on different cancer
cell lines.

2 Results and Discussion

Computational design of LIR2-RavlZ analogs. RavZ is an L. pnewmophils protein capable of
deconjugating LC3 proteins coupled to PE on autophagosomal membranes [33]. This is
thanks to the presence of three LIR domains in the sequence. Among them, LIE2 (residues
X7-32) seems to be the one responsible for the initial recognition of LC3, with it playing
a crucial role in Rav¥ activity [33]. In fact, testing the binding of the LIE2-Kav¥ peptide
(sequence DIDEFDLLEGDE, Table 1) on LC3B using isothermal titration calorimetry (ITC)
and fluorescence polarization (FP), the measured dissociation constants (Kg) were 360 nM
and 550 nM, respectively, values comparable to that of the full Ravy in complex with
LC3B (Kg = 260 nM) [33]. These data unambiguously demonstrate that the interaction
between Rav and LC3B can be mainly attributed to the LIK2 domain of the Rav peptide
(LIR2-RavZ, Table 1) [33]. Since structural data are not available in the protein data bank, in
this study, we predicted the binding mode of LIR2-Kav¥ on LC36 by performing docking
calculations and MD simulations on the resulting complex (see the Materials and Methods
section for details). The visual inspection of the attained MD trajectory frames, together
with the analysis of the ligand atoms’ root mean square fluctuation (EMSF) plot (see
Figure 1A), suggested the high conformational mobility of the peptide N- and C-terms
{mean RMSE value of 27 A). Conversely, the residues located in the core of the peptide
(residues 3-10) were almost stable (Figure 1A). The low fluctuation in the core was due to
the presence of two salt bridges shaped by the side chains of LIR2-Rav-Glud and -Asp6
with the ones of LC3B-Lys65 and -ArghY, respectively. Moreover, the hy drophobic tails of
LIR2-RavZ-Phe5 and -Leu? were inserted into a lipophilic pocket shaped by LC3B-Phe52,
-Val54, -Pro55, -Val58, -Leufd and -Ilefb. Furthermore, the side chains of LIR2-RavZ-CGlu9
and -Aspll could create a H-bond network with LC3B-Lys30 and LC3B-Lys44, -Thr30,
-Lys51 and - Thr3l, respectively (Figume 18).

Table 1 Primary stroctune and estimated binding free energy values (AG?) of the meference peplide
LIE2-Rav Z and 1ts structural analogs.

Peptide Sequence AG* [kcal'mol] 5D
LIR2-Raw s DIDEFLLEGDE —BaT 131
Pepl DIDEFDLLECDC 875 87
Pep2 Ac-DIDEFDLLECDC-NH: ~109.1 72

Considering these data, we tried to design new LIE2-Ravy analogs with the aim
of selecting new peptides endowed with increased affinity on LC3B, possibly by using
unnatural amino acids to improve the metabolic resistance of the resulting peptides. In this
process, three different strategies wene applied:

1.  PRigidification: Designing cyclic peptides maintaining the original length of the peptide
(12 residues) and inserting cysteines to create the disulfide bridge (replacing two
residues, identified as having minor significance in the interaction with LC3B through
alanine scanning);

2 Terms profection through the amidation and acetylation of the C- and N- terms,
respectively, to prevent peptide self-cyclization;
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3 Affinity maturation: Optimization of the sequence to attain new peptides with im-
proved affinity on LC3B.

Figure 1. (A} LIR2-Bav ¥ Ca atom EMSF plot (erange line). (B) Predicted binding mode of LIE2-RavZ
(orange sticks) in complex with LC3B resulting at the end of MD samulations. The protein surface is
colored depending on the atomic partial charges of the protein mesidues: blue for positive and sed for
negative charges, respectively. The H-bonds ane represented as yellow dotted lines.

By applying these strategies, according to the “Materials and Methods™ section, we
initially calculated the binding free energy value (AG*) of the reference peptide LIR2-Rave,
attaining a value of —86.7 kcal/mol (SD = 13.1) (Table 1).

Then, with the aim of establishing which LIR2-Rav & residues were mainly involved
in the interaction with LC3E, and recognizing the hot and non-hot spots, computational
alanine scanning was carried out (Supplementary Materials, Table 51). From these cal-
culations, it could be seen that all residues seemed critical for interaction with the target
since their substitution by alanine led to an increase in the estimated AG* values. Thus,
in the first attempt to design new potent LIE2-Rav? analogs, we tried to limit the confor-
mational flexibility of the peptide by creating a disulfide bridge between the residues in
positions 10 and 12. Position 12 was chosen because the Ala substitution of the residues in
position 12 led to peptides with estimated A Affinity not greatly diverse from the parent
peptide, while a residue without a side chain (a Gly) is naturally present in the sequence.
The resulting peptide, Pepl, was simulated in complex with LC3B through MD simula-
tions and the further application of the molecular mechanics-generalized Born surface
area (MM-GBSA) approach suggested that it possessed a AG* value of —87.5 keal/mol
(SD'=8.7) (Table 1). This value, effectively equal to the one calculated for the natural peptide
LIE2-RavZ, suggested that the presence of conformational rigidification at the C-term did
not elicit any change in the LC3B/ peptide interaction strength. With variance, the Co atoms’
RMSF, evaluated by MDD simulations, demonstrated that the oyclic peptide Pepl fluctuated
around a value lower than the one displayed in the MD simulations on the parent peptide,
suggesting that the conformational rigidification stabilizes the new peptide on the LC3B
surface (Supplementary Materials, Figure 51). In the second attempt, the peptide termini
wemne protected by amidation and acetylation, with the aim of reducing the N- /C- reciprocal
interaction and the consequent creation of a orclic peptide in solution. Thus, performing
MD simulations and MM-GBSA calculations again on the termini-protected peptide (Pep2),
the predicted AG* value of Pep2 decreased to the value of —108.1 kcal/mol (SD=7.2),
a value almost 21 kcal /mol lower than the unprotected peptide (Table 1). Subsequently,
the “affinity maturation™ proedure was applied to Pep2, with the aim of designing new
Pep? analogs with primary structure endowed with improved complementarity with LC3B.
This approach allowed for the identification of new peptides through the substitution of
the non-hot spot residues with new ones displaying higher affinity to the LC3B binding
site. Specifically, to identify the non-hot spots, a new alanine scanning calculation was
accomplished on Pep2, and, at the end of calculations, the attained results suggested that
the mon-hot spot residues were the ones in positions 1, 2, 3, and 6 (Supplementary Materials,
Table 52). Consequently, in the next affinity maturation calculation, Pep2 was randomby
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mutated by new amino acids, creating a final library of 100,000 peptides, containing L- and
-, side chain-protected, phosphorylated, and unnatural amino acids. The newly designed
peptides were ranked considering the predicted affinity on the target and the resulting
three top-ranked peptides (Pep3-5) were simulated in complex with LC3B through MD
simulations, with their AG* values finally being calculated via the MM-GBSA approach as
well Interestingly, the estimated AG* values of these peptides wemne almost 30 keal/ mol
lower compared to the parent peptide Pep2, confirming the strength of the applied affinity
maturation procedure (Table 2).

Table L Primary structuse and estimated binding free energy values (AG") of the Pep2 analogs at the
end of the affinity maturation procedune.

Peptide Sequence AG* [kcal/mol] 5D
Pep3 Ax:—DE{Bz}T{Bz}EFT(PjY{P;LEdE-NI—L —149.8 121
Pepd Ac-H(Bz)E{Bz)T(Bz)EFT| PleECFC-NI—b —146.5 a5
Pep5 Ac-I—I(Bz]E(Bz]E(Bz]EFE[Bz}LLEC?C—NHn —1382 114
Peps A|:-DE[szt[szE&[P}Y[P}LEE—NHz 171 10.8

Bn= 'I:enzylg:mup; P= thsphur_grhtinn on the side chain. Lowercase leters ame [ —aminoe acids

Among them, Pep3 was the most promising one since it showed a AG* value of
—1449.8 keal /mol The sequence of this peptide contains two phosphorylated residues, in
positions 6 and 7, together with two benzy] (Bz}-protecting groups on the side chains of
Glu2 and Thr3. The Cax EMSF plot retrieved from MD simulations suggested that Pep3
was firmly bound on the LC3B surface, displaying a mean EMSF value of 094 (Figure 24).
Interestingly, the N- and C-terms displayed low fluctuation, suggesting that they could
create anchoring contacts with LC3B. Indeed, the acetyl group protecting the Fep3 M-
terminus formed a water-mediated hydrogen bond with LC3B-Asn5Y, while the side chain
of the same residue established a salt bridge with the one of LC3B-Lys65. The Bz group
attached to the side chain of Pep3-Glul reached LC3B-His57, resulting in a m-m interaction.
Pep3-Glud's side chain formed a salt bridge with LC3B-ArgfY, while Pep3-Phe5's side
chain was inserted into the hydrophobic pocket defined by LC3B-Nle35, -Val54, -Pro55
-Leuh3, and -Tle6f. Thr(P) in position 5 of Pep3 was positioned in proximity to the positively
charged area formed by the side chain of LC3B-Lys30, whemas the Tyr(P) in position 7
interacted with the alkaline moieties of LC3B-Lys49, -Thr3{, and -Lys51. The latter LC3B
mesidues established a salt bridge with the side chain of Pep3-Glu? while the disulfide
bridge (Cys1(+Cys12) of Pep3 was inserted into the crevice simed by LC3B-Leu53, -Fhel0s,
-Ike24, and -Pro32. The amidated C-terminus of Pep3-Cys12 created an H-bond network
with LC3B-Aspl% and -Lys51. All of these contacts (Figure 2B) strongly stabilize Pep3 on
the LC3B LIR binding domain, as displayed by the RMSF plot (Figune ZA).

Biofogical activity of Pep3. Pep3, which proved to be the most promising peptide among
the ones investigated, was acquired by Pepmic (Pepmic Co., Ltd., Suzhou, Jiangsu, RI'C),
and itwas assayed using preliminary cell viability assays on the PC3 prostatic cancer cell
line (Figure 3). PC3 cells were treated with a range of doses from (L0025 pM to 5 pM
for 24, 45, and 72 h, and viability assays wem performed. The results obtained highlight
that Pep3 exerted a significant cytotoxic effect at both 2.5 and 5 pM doses after 24 h of
treatment, while at 48 h, only 5 pM was effective. Furthermore, the treatment for 72 h
did not modify cell viability compared to the control cells, resulting in a lack of efficacy
(Figure 3A). We then analyzed the effect of Pep3 on LC3 expression. The analysis of the
ratio of LC3-I1/LC3-1 was not different at any time considered, but in the treated samples,
there was a reduction in both LC3-1 and LC3-11 expression compared to the control sample
after 24 h and to a lesser extent after 48 h. It is possible to speculate that in the presence
of basal physiological autophagy activation, Pep3 binds on the LC3 precursor, preventing
the formation of both LC3-1 and lipidated LC3-IT (Figure 3B). The same effect on LC3-1
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and LC3-11 expression was obtained with the treatment of PC3 cells with the autophagy
inhibitor 3-metyladenine (3-MA, 1 mM) (Sigma-Aldrich), which blocks the formation of
phagophore, inhibiting the phosphoinositide 3-kinases (PI3K) [34]. It is possible that the
effectiveness of Pep3 decreased in the considered time from 24 h to 72 h, possibly due to
the peptide’s low metabolic stability.

DERTNe € F Tm¥Ym & E € © €

Figure 2 (A) Pep3 Ca atom RMSF plot (pink line) companed to LIR2-RavZ (orange line). Asterisks
mndicate the residues involved in the disulfide bond. (B) Predicted binding mode of Pep3 (pink
sticks) in complex with LC3B resulting at the end of MD simulations. The protein surface 15 coloned
depending on the atomic partial charges of the protemn a:sidues: blue for positive and red for negative
charges, espectively. The H-bonds are represented as yellow dotted lines.
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Figure 3. (A) Effect of Pep3 on PC3 cell viability. Cell viability was determined using MTT assay
afler 24 h, 48 h, and 72 h. Six independent biological samples for each condition were analyzed
(n = 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s test
(*p< 0.05 vs. CTRL; *** p< 0.001 vs. CTRL). (B) Western blot analysis of the LC3-I1/LC3-1 ratio in the
PC3 cells treated with Pep3 (5 uM) or 3-methyladenine (3-MA) (1 mM).

Consequently, we surmised that a new peptide containing D-amino acids in its se-
quence (Pep6, Table 2) could be more resistant to peptidase activity. Therefore, we used the
peptidecutter web service “https: / / webexpasy.org/ peptide_cutter (accessed on 8 January
2024)" to predict the Pep3 cleavage sites. Here, by inserting the Pep3 sequence (with-
out any side chain derivatization) and selecting the prediction of cleavage sites cleaved
using proteases (excluding the bacterial ones and chemical reagents), it appeared that
the residues in the middle positions could be the most susceptible. Consequently, we
designed a Pep3 analog (Pepé6) in which the residues at positions 3, 5, 6, 10, and 11 were
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mutated by Dr-amino acids. The predicted AG* value of the resulting peptide (Pepf) was
—127.1 kecal /mol (SI»= 10.8), a value about 23 kcal/mol higher than the one of Pep3
but still about 40 keal fmol lwer than the AG* value calculated for the template peptide
LIE2-Rav¥. The MD simulations om the LC3B/ Pepé complex suggested that the overall
conformational stability of the peptide on the LC3B remained essentially like that of Pep3
02 A, Figume ZA), since the Pepb mean Co KMSF value was (07 A (Figure 44 ). Momeover,
the “simulation interaction analysis™ tool, together with the visual inspection of the MD
trajectory frames, suggested that the alkaline side chains of LC3B-Lys65, -Argfd, -Arg? (),
and -lys49 could create H-bond assisted salt bridges with Pepé-Aspl, -Glud, -Tyr(P)7,
-GluY, and -Aspl11 (Figure 4B). Moreover, Pepf-Aspl established H-bond inferactions with
LC3B-5ert] and -Glu62 Both the amide and carbonyl backbone atoms of Pepi-Leus create
an H-bond network with the backbone atoms of LC3B-Leu53, while its lipophilic chain was
in contact with an LC3B pocket shaped by His?7 and Leu53. The disulfide bridge remained
in contact with LC3B-Leu53, -Phe108, 1leM, and -Pro32. The side chain of Pepé-D-Tyr(P)
created a salt bridge with LC3B-Lys20, and the phenyl ring of Pepf-D-Phe5 was in contact
with the imidazole ring of LC3B-His57, creating a m-n interaction (Figure 4B). Finally, the
amidated C-terminus of Pep3-DCys12 created an H-bond netw ork with LC3B-Asp1% and
-GIn26. For a comparison with a known LC3 binder, in 2021, Fan et al eported on covalent
ligands capable of reducing autophagic structure formation and subsequent substrate
degradation [35]. Superimposing our LC3B/ Pepb complex with LC3B covalently bound
with compound a4 at Lys49 (PDB accession code 7ELG), we noted that the small molecule
is aligned on the Pepé residues in position 7-9, amino acids T(F)Y(P)L (Supplementary
Materials, Figune 52). Interestingly, both Iys4% and Lys51 are located in the LIR docking site,
and their occupation by the presence of any ligand impairs the protein-profein interaction
between LC3B and its biological partners invohved in autophagy. Thus, we can speculate
that the presence of our peptide in the LIR docking site could avoid pro-LC3B maturation
through prodomain removal catalyzed by Atgd. Additionally, the presence of the peptide
in proximity to Lys49 and Lys51 could prevent endogenous acetylation and deacetylation
modifications in cells [36]. In fact, it has been reported that the acetylation of these residues
blocks the interactions of LC3B with p62 and Atg? proteins, keading to the accumulation of
LC3B-1 and autophagy inhibition [37,38]. Mevertheless, additional binchemical experiments
are needed to better understand the action mechanism of our peptides.

Peptiwas then acquired by Pepmic (Pepmic Co., Ltd., Suzhow, China), and it was tested
using cell viability assays on a non-cancerous cell line (PMTZ2, to evaluate the cytotondicity)
and PC3, DU145 CRPC cells, A549, and MCFE-7 cancer cell lines. These cell lines wemre chosen
since it has been demonstrated that their growth is influenced by autophagy inhibition [23-25].

Biological actizity of LIR2-RavZ and Pepb on cancer cell [ines. The biological activity of
LIE2-Rav¥ and Pepé6 (from 0.0025 to 5 uM) was evaluated with MTT cell viability assay
on PC3 cells (Figure 54 ). Treatment for 72 h with both compounds determines a reduction
in cell viability with greater efficacy of Pepé compared to LIR2-Rav ¥ at all doses used
(Figure 5A). The effects of both compounds were then evaluated on the CEPC cell line
DU145, which is defective in autophagy due to its lack of functional ATGS [39]. Treatment
with LIR2-Rav¥ and Pepé (5 uM for 72 h) in DU145 cells was ineffective, confirming that
the antitumoral activity of the peptides was attributable to autophagy activation (Figure 5B).
We then analyzed the expression of LC3 and SQS8TM1/pé2 (p62) in PC3 cells treated with
both compounds for 48 b In analogy to results obtained with Pep3, both LIR2-Eavy
and Peph significantly reduced the expression of LC3-1 and LC3-Ilwithout changing the
LC3H1/ LC- ratio. Furthermore, p62 expression was significantly increased after treatment
with both compounds (Figure 5C). We also evaluated the ability of Pepé to interfere with
trehalose-dependent autophagy activation FC3 cells were co-treated with Pepb (5 pM
dose for 45 h) and trehalose (100 mM for 48 h) (Sigma-Aldrich). The Western blot (WE)
shown in Figure 512 highlights that Pep6 in association with trehalose was able to decrease
the LC3-11/L.C3 ratio compared to trehalose alone. These data suggest that Pep6 inhibits
trehalose-induced autophagy, causing less autophagosome formation. We can conclude
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that the antitumoral effect of Pepé in PC3 cells is more stable over time than Pep3, and this
antitumoral activity is related to autophagy inhibition.

>

RMEF (A}
“

DEBatmsy E f tmY®m L E € D ¢

Figure 4. (A) Pepb Cx atom RMSF plot (red line) compared to LIR2-RavZ (orange line) and Pep3
(pink line). Asterisks indicate the residues involved in the disulfide bond. The D-amino acids of
the Pepé sequence are reported as lowercase letters (B) Predicted binding mode of Pepé (magenta
sticks) in complex with LC3B resulting at the end of MD simulations. The protein surface 1 coloned
depending on the atomic partial charges of the protein msidues: blue for positive and red for negative
charges, respectively. The H-bonds are mepresented as yellow dotted lines.

The biological activity of different concentrations of LIR2-RavZ and Pep6 (from
0.0025 to 5 uM) was evaluated with an MTS cell viability assay on non-cancerous PNT2
prostate cells and different cancer cell lines such as A549 and MCF-7 (Figure 6). The results
reported in Figure 6A show that 96 h post-treatment, none of the tested samples displayed
significant cytotoxicity at the concentration of 5 mM (cell availability > 90%), confirming
the excellent biocompatibility and potential pharmacological selectivity for tumor cells.
Indeed, as shown in Figure 6B,C, a reduction in cell viability (expressed as percent-age
% of viable cells) was observed in A549 and MCFE-7 cells treated with LIR2-RavZ and
Pepé compared to the untreated control cells. These in vitro data demonstrate that the
compounds exhibited slight anticancer activity, with a reduction in cell viability especially
at the highest tested concentration (Figures 5A and 6B,C). More in depth, the obtained
results indicated that A549 cells are more responsive than MCFE-7 cells. In fact, the cell
viability for A549 was 81.1% and 76.7% for LIR2-RavZ and Pep6, respectively, whereas
for MCF-7 cells, the viability was 85.4% and 80.7% for LIR2-RavZ and Pep6, respectively.
Finally, it is possible to speculate that, since these peptides did not elicit any toxicity on
PNT2 cells, they could have an interesting application for the inhibition of pro-survival
autophagy induced by chemotherapy or anti-tumor drugs, reducing the onset of drug
resistance [26].

Biophysical assays. To finally confirm that Pep6 can really affect autophagy machinery
by binding on LC3B, MST experiments were performed on human recombinant His-tagged
LC3B protein [21]. This biophysical technique quantifies the interactions between two
entities in contact in the liquid phase, avoiding any sample immobilization, as needed in
other approaches, such as in the case of surface plasmon resonance (SPR) [40]. Initially,
the dissociation constant (Kz) value of the LIR2-RavZ peptide (as a positive control) was
estimated through MST experiments in order to validate the applied biophysical method,
leading to a K value of 428 + 162 nM (Figure 7A). This value resulted in being comparable
with the one reported by Yang A. and co-workers, where LIR2-RavZ was tested through
ITC and FP, displaying dissodiation constants of 360 nM and 550 nM, respectively [33].
Finally, we evaluated the binding of Pepé to the LC3B protein using MST, obtaining a Kg
value of 159 + 56 nM (Figure 7B), which is a value about three times lower compared to the
one acquired for LIR2-RavZ. The experimental conditions of the MST experiments carried
out are detailed in the Material and Methods section.
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Figure 5. (A) Effect of LIR2-RavZ and Pepb on PC3 cell viability. Cell viabality was determined
using MTT assay after 72 h Six inde pendent biological samples for each condition were analyzed
(n = ). Statistical analysis was performed using one-way ANOVA followed by Dunneit's test
{* p< 0.0 ve. CTRL; *** p< 0001 va. CTRL). (B) Effect of LIR2-RavZ and Pepé on DUL45 cell viabality.
Cell viabahty was determuned usmg MTT assay after 72 h Six independent buological samples for each
condilion were analyzed (0 = 6). Stakistical analysis was performed using one-way ANOVA followed
by Dunnett's test. (C) Western blot analysis of LC3-11/ LC3I ratio and p62 i PC3 cells treated with
LIR2-RavZ and Peph. The relative optical density of LC31, tubulin, LC3-I1/ tubulin, and p62/ tubulin
was quantified using Image] softwane. The bar graph represents the mean £ 50 calculated from
theee independent experiments. Statistical analysis was performed using one-way ANOVA followed
by Dunnett’s post-test (*** p< 0.001 va. CTRL). (D) Western blot analysis of LC3-11/T.C3-1 rakio in
PC3 cells treated with Pepé (5 uM) and trehalose (100 mM) for 48 he The relative optical density of
LC3-TI/ LC3-I was quantified waing Image] softwane (verdon 150i). The bar graph represents the
mean + 50 calculated from three mdependent ex penments. Stabisbcal analysis was performed usmg
one-way ANOWVA followed by Bonde rrond’s post test (* p< 0L05 vs. CTRL).
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Figure 6. Effect of LIR2-EavZ and Pepb on cell viabality. Cell viabality was determuned wsing MTS
asaay on FNT2 (A]), A9 (B), and MCF-7 (C) 96 h post-treatment. Absorbancee was measured with a
B6-well plate spectrophotometer (Vanoskan Flash Mulbmode Reader) at 490 nan * p < 0L05 wva. CTEL;
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Figure 7. M5T curves acquired using human recombinant His-tagged LO3B protein incubated with
different concentrations of the control peptide LIR2-RavZ (A) and Pepé (B), wsing the Monaolith
NT.115% instrument. Two independent experiments wene performed to compute the Kj curve.

3 Materials and Methods

Computational studies. The LC3B computational model utilized in this study was
constructed using the 3D coordinates of the chain A of the LC3B/FYCO-LIE complex,
retrieved from the Protein Data Bank (PDB accession code 5094) [41]. The structure
available in this databank represents the sequence from amino acids 5 to 123, During the
maturation progess, the signal peptide spanning aminoe acids 121 to 125 is cleaved from
the C-terminal end. Therefone, the X-ray, as well as the computational models built using
it, epresents the pro-LC3E state of the LC3 maturation process. In this paper, we named
it “LC3B" for simplicity. The LC3B model underwent optimization using the “Frotein
Preparation Wizard” tool within Maestro Software (release 2021-2, Schridinger, LLC,
Mew York, NY, USA). This tool facilitated the initial steps of system setup, encompassing:
(1) assessing the protonation states of residues at pH 7.4, (2) verifying residue completeness,
(3) msolving atomic clashes, and (4) applying the OPL54 force field [42]. The docking of
LIR2-Ravi was executed using the “Peptide Docking”™ tool in Maestro software (release
2021-2, Schridinger, LLC, Mew York, WY, USA). This process involved defining a grid,
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creating a centroid through the “Centroid of Selected Residues” option, and selecting the
residues in complex with the LIR domain in the X-ray structure, such as Argl0, Lys30,
Tyr50, Lys51, Leu53, Argh9, and Phel(8. The grid dimensions accommodated a linear
12-residue peptide. The sequence of LIR2-RavZ (Table 1) was introduced, cis amide bonds
were deactivated, 150 poses were generated, and the Glide score [43] served as the scoring
function, resulting in the LC3B/ LIR2-Rav Z starting complex. After this, alanine scanning
was accomplished using the “Residue Scanning” tool available in Maestro (release 2021-2,
Schradinger, LLC, New York, NY, USA). Each peptide residue was individually mutated to
alanine to pinpoint crucial hot/ non-hot spots for LC3B and LIR2-Rav # interaction. The
same tool was employed for the affinity maturation process. All mesidues, except the
two cysteines, went through simultaneous mutations including natural and unnatural
residues, selected from the library available in the tool. Affinity maturation utilized
Monte Carlo optimization with a maximum of 100,000 steps, focusing on optimizing
affinity and generating a maximum of 150 structures. Subsequently, a cubic box of water
molecules, represented by the TIP3P model, was built around the protein-ligand complex,
and subsequent system energy minimization was followed by 250 ns long MD simulations,
using the Desmond algorithm in Maestro (release 2021-2, Schridinger, LLC, New York,
MY, USA). The “Simulation Inferactions Diagram™ tool evaluated peptide and ligand
stability (see Supplementary Materials, Figure 53, for the Coc atom EMSD plots of the main
simulated systems). Finally, ligand binding free energy (AG) calculations were conducted
using the Prime algorithm within Maestro software (release 2021-2, Schridinger, LLC, New
York, NY, USA), employing the MM-GBSA algorithm. The single-trajectory approach was
adopted, neglecting entropy contributions to the binding free energy The resulting binding
free-energy values were denoted as AG* by our group [21,44,45] This protocol was applied
to all peptides under investigation (Tables 1 and 2).

Cell lines. The PNT2 (European Collection of Authenticated Cell Cultures, ECACC,
UE) human prostate cell line was purchased from Sigma-Aldrich (St Louis, MO, USA). PC3
and DU145 human CRPC cell lines, A54% human lung cancer cell lines, and MCE7 human
breast cancer cell lines were purchased from the American Type Culture Collection (ATCC,
USA). PNT2 cells were cultured at 37 °C and 5% C0O4 in EPMI 1640 (Gibco Laboratories)
supplemented with 10% FBS (Gibco Laboratories), 1% 100 p/mL penicillin/streptomy cin
(Gibeo Laboratories), and 2% L-glutamine (Giboo Laboratories). PC3 and DU145 cells
wene maintained in EPMI 1640 medium (EuroClone, Milano, Italy) supplemented with
7.5% (PC3) and 5% (DU145) FBS (Gibco Laboratories), 1% L-glutamine, and antibiotics
(100 U/ mL penicillin G). A54% and MCF-7 cells wene cultured in Dulbecco’s modified Eagle
medium (DMEM, Lonza, Switzerland) supplemented with 10% fetal bovine serum (FBS,
Giboo Laboratories, USA), 1% 100 u/mL penicillin/ streptomycin (Gibeo Laboratories), and
1% L-glutamine (Gibeo Laboratories).

Cytotoxicty studies. PINTZ, A549, and MCF-7 cells were seeded at a density of
1 = 10* cells/ well in 96-well plates and maintained under standard growth conditions.
After 24 h, the cells were treated for 1Th at 00025 pM, 0,025 pM, 2.5 pM, and 5 pM to a
final volume of 100 pl. After 96 h, cell viability was assessed using MTS assay, according
to the manufacturer’s protocol (Cell Titer % Aqueous One Solution Cell Proliferation As-
say; Promega, Nacka, Sweden) using a 96-well-plate spectrophotometer (Varioskan Flash
Multimode Reader; ThermoFisher Scientific, Waltham, MA, USA) set at A= 490 nm. The
absorbance value of untreated cells was set at 100%, {control), and the viability of treated
cells was expressed as a percentage of the control. PC3 and DU145 cells were plated at
a density of 3 = 10* cells/well in 24-well plates. After 48 h, the cells were treated with
compounds at 0.0025 ub, 0.025 pM, 25 uM, and 5 uM doses. After 24 h, 48 h, or 72 b,
cell viability was analyred using 3-(4, 5-dimethylthiar ole-2-y [}-2 5-diphenyltetraz olium
bromide (MTT) (Sigma-Aldrich, 5t. Louis, MO, USA) assay. At the end of the treatment, the
medium was replaced with MTT solution (0.5 mg/mL} in RPMI without phenol red and
FBS5. After 3045 min at 37 °C, the precipitate of formaran was dissohred with isopropanol.
Absorbance (A = 550 nm) was measured through the use of an EnSpire Multimode Plate
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reader (Perkin Elmer, Milano, Italy). Three independent experiments were performed for
each condition.

Western Wof (WB) assay. To investigate the effects of compounds on autophagy modula-
tion, PC3 cells were plated at 2 » 10° cells/ dish in 6 cm dishes for 24 and 45 h. The cells were
then treated and adherent, and floating cells were harvested and lysed in RIPA buffer. Pro-
tein extracts (10-20 pg) were resuspended in reducing sample buffer (Bio-Rad Laboratories,
Segrate, Milano, Italy) and heated at 95 °C for 5 min. Following electrophoretic separation
via SDE-PAGE, the proteins were transferred onto PV DF or nitrocellulose membranes.
After blocking, the membranes were incubated with anti-LC3 (L8%18) (Sigma-Aldrich, St.
Louis, MO, USA)) and anti-S0STM1/ p62 (PAS-2083%) (Thermo Fisher Scientific, Watham,
MA, USA) primary antibody. Peroxidase-conjugated secondary anti-rabbit or anti-mouse
antibodies wene used for 1 h at room Eemperature, and membranes were processed using
the enhanced chemiluminescence kit Cyanagen Ultra (Cyanagen, Bologna, Italy). Ineach
WB experiment, alpha-tubulin expression (T6199) (Sigma-Aldrich) was evaluated as a
Ioading control.

MST Experiments. The binding of the peptides on LC3B protein was assessed by em-
ploying the Monolith NT.1159 instrument (ManoTemper Technologies GmbH, Miinchen,
Cermany), which allows for estimation of the dissociation constant (K3 ) comprising the
concentration range from 1 pM to mM. Specifically, His-tagged human recombinant LC3B
{catalog number 14555-HO7E, Sino Biological, Beijing, China) was red-labeled using the
dedicated His-Tag Labeling Kit RED tris-NTA 2nd Generation from NanoTemper Technolo-
gies (Product Mo, MOLLOE) for 30 min at room temperature. The “Binding Affinity” mode
of the dedicated softwane MO.Control v1.6 (NanoTemper Technologies GmbH, Miinchen,
Germany) was used to perform the MST experiments. In detail, a fixed concentration of
red-labeled LC3B (10 nM) was miced with sixteen 1:1 serial dilutions of LIE2-Ravy peptide
(concentration range: 15.6 pM—.477 nM), which was used as a positive control, and Pepé
{concentration range: 31.3 uM-0.954 nM), respectively. Both interacting spedies weme dis-
solved in PBS-T buffer (phosphate-buffered saline + 0.05% Tween™ 20) from ManoTemper
Technologies with 2.5% dimethyl sulfoxide (DMSO) for molecular biology (Product No.
De418; Sigma-Aldrich, Saint Louis, USA). The samples wemne incubated for 15 min at room
temperature, then filled into standard capillaries (Product Mo, MO-K022; ManoTemper
Technologies GmbH, Miinchen, Germany), and, finally, measured through the employment
of an excitation pow er of 20% and the medium MST power (407%) fixing the temperature
at 25 *C. The auto-fluorescence of each peptide was evaluated befome proceeding to the
defermination of the K;. The experimental data weme processed by employing dedicated
MO Affindty Analysis software v2.3 (NanoTemper Technologies GmbH, Miinchen, Ger-
many) and the K3 model for fitting the binding curve, while the figures were generated
using GraphPad Prism software v8.0.2 {GraphPad, Boston, MA, USA). The MST analysis
report can be consulted in the Supplementary Materials, namely Table 53 (dataset overview)
and Figure 54 (MS5T traces and capillary scan graphs).

4. Conclusions

Cur computational approach aimed at designing new peptides endowed with high
affinity om a specific target led to the desired goal. In fact, in this study, starting from the
sequence of a known peptide demonstrating affinity on LC3B, we applied an approach
combining MD simulations and MM-GBESA calculations to computationally predict the
binding affinity of new peptides obtained by mutating the sequence of a known peptide
(affinity maturation process). As can be seen in Figures 1, 2 and 4 and Tables 1 and 2, using
our appmach, both the stability and the affinity of the new peptides were significanthy
improved. In fact, considering the predicted binding modes of LIR2-RavZ and the ones of
Pep3 and Pepé, the new peptides can create numerous electrostatic interactions with the
LC3B positive charged area shaped by Lys30, Lys65, Argh9, and Argf0 residues, explaining
the low predicted AG* values. Moreover, the backbone rigidification conferred by the
presence of the disulfide bridge in the sequences led to a low fluctuation in the peptides on
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the LIR binding site of LC3B, together with better filling of the L.C3B basin shaped by 1le23,
Leu58, and Phel(B residues (cose to the W-site). Finally, it has to be stressed that Fepé
contains D~amino acids and has side chain modification to improve metabolic resistance.
We are aware that cellular phosphatases could remove the phosphate groups on serine,
threonine, and tyrosine. Therefore, we understand that the phospho-peptides Pep3 and
Pept may be subject to hydrolysis in the cellular environment; in particular, the L-Tyr(F) at
position 7 may be the most susceptible. MNevertheless, we anticipate that this susceptibility
to cellular phosphatases could be reduced by incorporating the disulfide bridge, the Be
groups, and the DFamino acids in the sequence.

Thus, based on the biological assessments mentioned earlier, it is reasonable to hy-
pothesize that, if adequately delivered into the intracellular compartment via nanocarriers
or liposomes, Pepf could serve as a novel modulator of autophagy, potentially beneficial
for cancer treatment
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Abstrack Autophagy plays a central role in cellular degradation and recycling pathways
irvolving the formation of autophagosomes from cellular components. The Atgs protein
family, particularly L3, is essential to this process, and dysregulation has been implicated
in many diseases (including cancer). Furthermore, therapeutic strategies targeting Atgs
proteins like LC3 can be advanced by exploiting the expanding knowledge of the “LC3
interacting region” (LIK) domain to develop inhibitory ligands. Here, we report a computa-
tional approach to design novel peptides that inhibit LC3B. The LIE domain of a known
LC3B binder (the FYCO1 peptide) was used as a starting point to design new peptides with
unnatural amino acids and conformational restraints. Accomplishing melecular dynamics
simulations and binding free energy caloulations on the complex of peptide-LC3B, new
promising FY'CO1 analogs were selected. These peptides wem synthesized and investigated
by biophysical and biclogical experiments. Their ability to affect cellular viability was
determined in different cancer cell lines (prostate cancer, breast cancer, lung cancer, and
melanoma). In addition, the ability to inhibit autophagy and enhance the apoptotic activity
of Docetaxel was evaluated in PC-3 prostate cancer cells. In conclusion, this esearch
presents a rational approach to designing and developing LC3B inhibitors based on the
FYCO-LIE domain. The designed peptides hold promise as potential therapeutic agents
for cancer and as tools for further elucidating the role of LC3B in autophagy

Keywords: peptide; LC3B binders; autophagy; cancer; Atgh; LIR motif; FYCO1

1. Introduction

Within living organisms, autophagy operates as a meticulously orchestrated mech-
anism, targeting specific proteins and aged or impaired organelles through the use of
double-membrane vesicles termed autophagosomes. Upon the fusion of autophagosomes
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with lysosomes, the enclosed contents underge degradation facilitated by the acidic mi-
lieu and hrtic enzymes contained within the lysosomes [1,2]. The capacity for recycling
within the autophagy machinery is found not only in eukaryotic cells but also in bacteria,
enabling the preservation of physiological conditions [2,3]. The autophagy machinery
comprises over 50 proteins named Atgs, with those belonging to the Atgh family primarily
responsible for autophagosome formation and cellular trafficking. In mammals, Atgs
proteins (mAtgB) consist of two subfamilies: GABARAP (CGABA-A receptor-associated
protein) and MAPILCS (microtubule-assodiated protein 1 light chain 3), also known as
LC2. The GABARAT subfamily encompasses CGABARATP, CGARATPL], and GABARAPL,
whereas the LC3 subfamily incdudes LC3A {comprising two splicing variants, LC3Ax
and LC3AR), LC3B, LC3BZ and LC3C [4]. Proteins belonging to the same subfamiby
demonstrate notable sequence resemblances and fulfill analogous roles within the cellular
environment. The GABARAF subfamily i= pivotal in autophagosome closure and the
enlistment of autophagic components, whereas LC3 proteins primarily engage in cargo
recruitment during the process [2]. The exact impact of compounds that disrupt Atgs
proteins on autophagy remains incompletely understood. However, utilizing peptides
or peptidomimetics to inhibit the Atg3-Atg8 interaction in Plasmodium faldparmm holds
promise as a strategy to combat malaria [5,6]. Conversely, it has been confirmed that
dysregulations of the complex autophagy machinery are associated with diseases like
neurodegenerative disorders [7], cardiomyopathies [8], infectious diseases [6,%], tvpe 11
diabetes mellitus [10,11], hepatic steatosis [12], and cancer [13-15]. These conditions arise
from the dysmegulation of autophagy induced by various stimuli originating from internal
or external environmental factors.

The function of autophagy in cancer appears to be highly complex and may have
opposite roles in different cancer cells, stages, and conditions. In normal cells, autophagy
removes altered molecules or dysfunctional organelles, maintaining cellular health. Fur-
thermore, autophagy plays a protective role by maintaining genome stability and reducing
cellular alterations involved in cellular transformation. For this reason, a reduction in
autophagy activity is observed in the early stages of tumorigenesis. Comversely, in the
advanced and metastatic stages of cancer, autophagy increases, allowing tumor cells to sur-
vive and adapt to foreign sites. In addition, autophagy is activated in cancer cells exposed
to various stresses such as anticancer treatments, leading to chemoresistance [16,17].

Specifically LC3B is significantly upregulated in prostate cancer (PC) tissues, es-
pedally in metastatic castration-resistant PC {mCREPC), as comparmed to benign prostate
tissues [18,19]. In PC tissue, high-level LC3B expression is associated with key clinicopatho-
logical indicators of aggressive disease, including high Gleason scores and advanced tumor
grades, highlighting its involvement in tumor progression and aggressive growth [19].
In addition, a lack of immunoreactivity for LC3B is an independent predictor of PC spe-
cific mortality, indicating that autophagy is complex and confext-de pendent in PC evolu-
tion [18]. Moreover, because taxane chemotherapy induces cellular stress that often triggers
autophagy as a protective mechanism in tumor cells, targeting LC3B-mediated autophagy
represents a promising adjuvant strategy to sensitize PC cells to taxanes, potentially en-
hancing treatment efficacy and reducing recurrence rates [20].

In this complex context, numerous studies have been conducted in PC evaluating
the effects of autophagy activators, such as Rapamycin, Everolimus, and Temsirolimus, or
inhibitors, such as Chloroquine (CQ) and hydroxy chloroquine (HCQ), alone or in associa-
tion with conventional therapies [21,22] to better understand the impact of autophagy on
cancer progression.

These agents serve as invaluable tools for delving into the complex mechanisms of
autophagy on a molecular scale. Furthermore, there exists potential for their further ad-
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vancement into promising drug candidates, with the aim of dealing with pathological
conditions such as cancer and other related medical ailments [23]. In this field, in our
previous paper [24], we utilized computational methods to design peptides called WCS and
W10, which demonstrated both a high calculated and measured affinity for CGABARAFR
Intriguingly, when prostate cancer cells {PC-3) weere treated with W8 and WC10 at concen-
trations ranging from 1 to 10 uM, the attained results highlighted the significant therapeutic
potential of this approach. Notably, the peptides exhibited greater activity compared
to Paclitaxel, a widely used anticancer drug [24] Nevertheless, LC3B remains the most
extensively studied Atgh protein in humans since it is clearly associated with cancer

Interestingly, the proteins involved in the autophagy process and capable of interact-
ing with LC3 feature a distinct amino acid sequence referred to as the “LC3 interacting
region” (LIR). This small protein sequence consists of four conserved residues that can be
succinctly represented as a sequence of “Xp—X;-Xo—X3", where X represents an aromatic
mesidue (Trp/Phe/ Tyr), X; and X3 can denote any amino acids (often acidic or hydropho-
bic residues), and X3 signifies a large hydrophobic residue such as Leu, Val, or Ike [25].
Consequently, the LIR domain can be considered a promising starting point to design a
ligand capable of interacting with the L.C3 subfamily. For this reason, among the proteins
bearing the LIRE domain, we focused our attention on the “FYVE and coiled-coil protein 17
(FYCO1), a protein involved in the transport of autophagosomes along microtubules in
the plusend direction [26,27]. In more depth, FYCO1 is an adaptor that connects LC3B
on autophagosomal membranes to Kab? and phosphatidylinositol 3-phosphate (PI3F),
allowing for coordinated movement along the cytoskeleton and facilitating the microtubule
plus-end-directed transport of autophagic vesicles. Rab? binding facilitates vesicle docking
and fusion with lysosomes, while its interaction with LC3B through the conserved LIR
motif guarantees selective recruitment to autophagosomal membranes. Through PI3P in-
teraction, the FYVE domain of F¥COO1 maintains membrane association, and its coiled-coil
region facilitates microtubule motor recruitment and dimerization, both of which are neces-
sary for directional transport. FYCO1 behaves as a crucial regulator of autophagosomal
maturation and intracellular trafficking due to its dual binding to LC3B and Rab?, which
guarantees the effective lysosomal degradation of cargo [27]. Effective cargo degradation is
made possible by LC3B binding, which stabilizes FYCO1's association with autophagoso-
mal membranes and guarantees appropriate vesicle docking and fusion with lysosomes.
This interaction’s specificity keeps autophagosomes from mislocalizing, preserving the
integrity of intracellular trafficking during autophagy. Moreover, FYCO1 plays a crucial
role in LC3-associated phagooytosis by being recruited to Dectin-1 phagosomes and aiding
in their maturation, transitioning them from early pdiiphoc-containing phagosomes to
late LAMPI-positive phagosomes [28]. In addition, FY¥'CO1 and protrudin collaborate
to promote the microtubule-mediated transport of late endosomes through endoplasmic
reticulum—endosome contact sites [29]. Cerulli et al. [30] employed the FYCO1-LIR peptide
to conduct structure—activity relationship (SAR) studies, systematically investigating how
to enhance its preferential binding affinity and selectivity for LC3B over CGABARAP. In
particular, they systematically deleted some residues and identified the crucial determi-
nants of the binding, e.g., the N-terminal region, E1287, critical hy drophobic interactions.
Avrtificial amino acids (e.g., 1-naphthylalanine at position F1280 and tert-butylalanine at
L1288) further enhanced binding to hydrophobic pockets. This improved affinity was
also due to the introduction of an N-terminal arginine. Their effort resulted in a peptide
{Comb1) with a 2.4-fold increase in binding affinity vs. the original FYCO1 peptide, as well.
Indeed, the researchers also used diversity-oriented stapling to improve both the stability
and efficacy of their peptides, culminating in novel inhibitors of LC3B [30].
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Here, adopting the affordable computational protocol reported in our previous pa-
pers [24,31], we have designed new 12-residue-long FYCO1 peptide analogs capable of
inhibiting LC3B. The newly designed FYCO1 analogs are shorter than the ones reported by
Cerulli et al. [30] but, similarly, contain unnatural amino acids as well as conformational
rigidification. All peptides wemne simulated in complex with LC3B protein by molecular
dynamics (MDD simulations and the peptide binding free energy values were predicted by
the Molecular Mechanics—Ceneralized Borm surface area (MM-GBSA) approach, aiming to
select the most promising FYCO1 analogs to be subsequently synthesized and tested by

biophysical and biclogical in vitro assays on cancer cell lines.

2. Results and Discussion
2 1. Computational Design of FYCO1-LIR Analogs

FYCO1, a protein composed of 1478 amino acds, binds the LC3A and LC3B protein,
principally by means of the amino acids belonging to the LIE domain, especially by the
sequence FDIITTDEE (1280-1288 region) [26], as demonstrated in the X-ray structure of the
human LC3B in complex with the LIR domain of FYCO1 (DAVFDIITDEEL, PDB acoession
code 5044 [26]). Here, we used this domain as the starting point to design new FYCO1
analogs, aiming at computationally designing new peptides endowed with improved
affinity for LC3B. These new peptides, could weaken the maturation process of LC3B to
LC3-1, finally shaping the autophagosome.

In our approach, we optimized the FYC(1 sequence by the rigidification of the peptide
backbone and incorporating unnatural amino acids to limit the protease liability of the new
peptides. In particular, the FYCO1-LIR domain (DAVFDITDEEL) was initially simulated
in complex with LC3B by accomplishing energy minimization and MD simulations. When
the peptide reached geometrical stability in complex with LC3B, the peptide binding
free energy value (AG*) was caloulated by the MM-GBSA approach, attaining a value of
—110.6 kcal /mol (Table 1). This value served as a reference for the subsequent design steps.

Table 1 Primary strectue and estimated binding free energy values (AG*) of the meference peplide
FYCO1-LIR and its analogs. Disulfide bonds ane tepresented as squase brackets (T ). The curly
bracket () of AMT joins two cysteines bis-alkylated by a para-dibromomethy Iberzene (see the
Materials and Methods section for details).

Peptide Sequence AG* (kcal/mol) 5D (kcal/maol) Avg Coe RMSFE (A)
FYCO1-LIR DAVFDIITDEEL -110.6 7.0 149
Sequence mutation
AM1 DAVFDIMTDEEL -113.0 7.3 152
AMZ DAVE,ITDEEL -119.2 10.1 12
AM3 DAV Fy DIITDEEL —111.6 7.7 144
AM4 DAVE;DIMTDEEL —1238 58 113
Backbone rigidification
AMs e —— ~108.5 6.2 126
AMs — _126.6 8.4 138

DAVFDIMTCEEC
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Table 1. Cont.
Peptide Sequence AG* (kcal/mol) SD (kcal/mol) Avg Ca RMSF (A)
AM7 g é;_‘c ~1185 8.3 1.00
AMS " AVFIDIHC'E_‘EC ~109.2 53 1.03
AM9 a0 AVF,,,Dlrl'rCEE ~110.4 7.3 117
AM10 = AVF'DM'CE’C ~137.1 6.1 0.60

2.2 Design of FYCO1 Analogs
Analysis of the final frame of the LC3B/FYCO1-LIR complex MD trajectory, through

visual inspection, highlighted several key interactions (Figure 1A):

- The D1 of FYCOI-LIR establishes contact with K51 on LC3B.

- FYCOI1-LIR's F4 residue engages in cation-7 stacking with the side chain of LC3B-K51.
Its phenyl ring is also positioned within the hydrophobic pocket 1 (HP1) on LC3B,
formed by the residues F7, 123, P32, 134, L53, and F108.

- A hydrogen bond is formed between the NH group of D5 in FYCOI1-LIR and the
carbonyl group of LC3B-K51. Additionally, the acidic tail of D5 creates a salt bridge
with LC3B-K49.

-  The side chain of 16 in FYCOI-LIR is solvent-exposed, while the side chain of 17
projects inward, interacting with the hydrophobic pocket 2 (HP2) on LC3B, which is
composed of the amino acids I35, F52, V54, L63, 166, and 167.

- The residue E10 of FYCO1-LIR interacts with the side chains of R69 and R70 on LC3B.

sy Ay

B
%
v
=

_-.4

Figure 1. (A) Predicted binding mode of FYCOI-LIR (cyan sticks) in complex with LC3B resulting
at the end of the MD simulation. The protein surface is colored depending on the atomic partial
charges of the protein fesidues: blue for positive- and red for negative-charge ameas, mspectively. The
H-bonds ane represented as yellow dotted lines. (B) RMSF plot of FYCOI-LIR no-H heavy atoms
(highlighted as dots).

The root mean square fluctuation (RMSF) plot of the FYCO1-LIR heavy atoms
(Figure 1B) indicated that the C-terminal region of the reference peptide does not strongly
bind to the LC3B surface but, interestingly, the LC3B-HIP2 pocket surrounding FYCO1-LIR
I7 appeared to have some extra space, and this led us to consider replacing 17 with a bulkier
amino acid like methionine (AM1 peptide, Table 1), potentially leading to a more tightly
packed structure.

To validate this hypothesis, we simulated the AM1 peptide in complex with LC3B,
observing a predicted AG* value almost 3 kcal /mol lower than that of the parent peptide,
though the RMSF value was comparable to that of FYCO1-LIR (Table 1). Building upon this,
we reasoned that the LC3B-HP1 pocket, which binds F4 of FYCO1-LIR, could potentially
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accommadate a larger hydrophobic side chain. To test this, we simulated two unnatural
peptides, AM2 and AM3, incorporating bromo- and iodo-phenylalanine at position 4. The
growing applications of bromine and icdine substituents in anticancer treatment lend
support to their selection. By inducing mitochondrial apoptosis and activating MAPE
pathways, bromine-containing compounds, like bromamine T [32], have shown strong
cytotowic effects against breast and colon cancer cells, exhibiting superior anticancer activity
when compared to non-halogenated analogs. Furthermore, because bromine and iodine
isotopes can produce deadly Auger electrons that destabilize cancer cells at a very short
range, they are being investigated in radiopharmaceuticals for targeted cancer therapy [33].
MNotably, only AM2 exhibited a lower predicted peptide binding free energy value and a
significant reduction in the overall peptide conformational fluctuation (see RMSF values,
Table 1). Infegrating all these findings, we designed and simulated a novel peptide, AM4,
incorporating both bulkier residues targeting LC3B-HF1 and HF2 pockets. Interesting]y
the predicted AG* and RMSF values for AM4were approximately 13 keal /mol and 0.36 A
loweer, respectively, than those of FY'CO1-LIR (Table 1). These results suggested that the
concurrent optimization of bulky side chains at positions 4 and 7, to enhance inferactions
with HP1 and HP2, yielded the most promising peptide among those designed up to
that point.

23 Design of Stapled Peptides

We also sought toenhance peptide structural stability and reduce C-terminal EMSF by
intreducing covalent crosslinks. Disulfide bonds, a commen strategy for restricting confor-
mational freedom and stabilizing secondary structure in peptides, often improve drug-like
properties and metabolic msistance. This approach aimed to enhanee binding affinity,
selectivity, cell permeability, and proteclytic degradation resistance [34-36]. Given the
spatial proximity of D% and L12 in FYCO1-LIE during MDD simulations of the LC36/AM4
complex, we substituted these residues with cysteines to create a disulfide bridge, resulting
in the AMS peptide. Subsequent simulation of AMS5 in complex with LC3B revealed a
comparable predicted AG* value, but a markedly lower average Cox atom RMSF (Table 1).

Building upon our previous designs, the peptide AM& incorporated both the produc-
tive FM mutation from FYCOI-LIR and the conformational rigidification provided by
the disulfide bonds in AMS5. KEemarkably, the simulation of AMé in complex with LC3B
yielded a new low predicted AG* value (Table 1). To explore the impact of linker length, we
designed AMD7, a stapled peptide with a -CHy-Ph-CHy- spacer connecting the sulfur atoms
of C% and C12. MD simulations indicated that this modification improved the predicted
AG* value by approximately 8 kcal/mol compared to FYCO1-LIE, while concurrenthy
enhancing the structural stability of the peptide (Table 1). Taking into account all these data,
we extended our simulations to analogs incorporating iodo- and bromo-phenylalanine
at position 4 (AMB and AM9, respectively), while maintaining the AMS scaffold. This
approach allowed us to assess the impact of halogen substitution on the peptide’s confor-
mational behavior and the interaction network. The attained results suggested that this
modification significantly increased the structural stability of the peptides, as indicated
by the reduced RMSF values (=1 A, Table 1). However, in both cases, the binding affinity
toward LC3B remained largely unchanged compared to the native FYCO1-LIR peptide
(Table 1).

In a final design iteration, we combined the most advantageous individual substitu-
tions, namely, the I7M mutation (as in AM&) and the incorporation of iodo-pheny lalanine at
position 4 {as in AMB), within the AMS scaffold, yielding the AM10 peptide. This peptide
exhibited the lowest predicted AG* (—137.1 keal/ mol) and Co RMSF (.60 A) values among
all designed peptides, representing the most promising candidate. All these findings
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indicate that individual modifications are insufficient to substantially enhance peptide per-
formance. However, the combination of all modifications exerts a strong synergistic effect,
resulting in a peptide in which all residues amre stably anchored on the LC3B protein surface.
In fact, the calculated EMSE, with all values significantly below 1 A (Figure 2), indicates
minimal fluctuations. This stability is further corroborated by the RMSD analysis, which
reveals that this peptide maintained a remarkably lower average deviation compared to all
other designed peptides throughout the simulation (Supplementary Materials, Figune 51).

; I I

1 2 3 4 5 & 7 & 9 10 11 12

Figure 2. Cx atoms RMSF plot of FYCO1-LIR (cyan line) and AM10 peptides (magenta line).

To compare our findings with Cerulli et al"s 2020 study, we conducted docking and
MD simulations on Combl (sequence RDDAVZDIITDEExCQICQEW, in which “2” denotes
X naphthylalanine and “«” is a tert-butylalanine), one of most potent and LC3B-selective
peptides [26]. Structural alignment of the M stabilized LC3B-Comb1 complex with the
LC3B/AMI0 complex revealed key interaction similarities (Figure 3). Specifically, the N-
terminal residues of both peptides were located in an LC3B region enriched with positively
charged residues, facilitating the formation of electrostatic and H-bond interactions. Of
particular note is that the interaction sites involving LC3B-K49 and K51 are common to
both peptides. However, only Comb]1 engages H-bonds with B3 and R10, whereas AM10
uniquely forms two H-bonds with T50. The 2-naphthylalanine (residue “27 in the sequence)
of Combl at position 6, projected into the LC3B-HFP1 hy drophobic pocket, was structurally
mimicked by the Iodo-F4 of AM10. Furthermore, Combl exhibited similar interactions to
AM10 at several key sites: IOF and E13 of Combl mirrored D5 and E10 of AM10 in their
interactions (H-bonds/ salt bridges) with LC3B-K449, -R6%, and -F70. Comb1-E1% interacted
with LC3B-K65 similarly to the C-terminus of AM10-C12 Additionally, 19 of Combl
ooccupied the LC3B-HFZ2 region analogously to AM10-M7. However, a key difference was
the deeper penetration of AMI0 into the hydrophobic pocket, allowing for additional
hydrophobic contacts with LC3B-135 and -167.

In conclusion, computational analyses suggested that the shorter decapeptide AMI0
can emulate the interaction patterns of the longer Comb] eicosapeptide. In addition, AM10's
cyclic conformation imposes geometric rigidity, enabling side chains to adopt conformations
that maximize binding interactions through spatially matched residue complementarity.

In summary, our computational investigations have identified novel FYCO1 analogs
possessing improved predicted binding affinity (lower AG* values), enhanced stability on
the LC3B surface, and increased metabolic stability through the incorporation of disulfide

bonds and unnatural amine acids.
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Figure 3. Predicted binding mode of {A) Combl (sand sticks) and (B) AM10 (pink sticks) m complex
with LC3B mesulting in the most stable RMSD conformation during the MD simulation. (C) Superpo-
sition of the Combl and AM10 binding mode on the LC3B protein surface. The prokein surface is
colored depending on the atomic partial charges of the protein residues: blue for positive- and red
for negative-charge aneas, respectively. The H-bonds and salt bridges ace represented as yellow and
purple dotted lines, respectively. The label sizes are proportional to the distance from the viewpoint
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24, Synthesis of Pepiides

Based on the computational outcomes, the AM2, AMs, AMY, and AM10 peptides
wene selected for synthesis and biophysical analysis (Table 1), while FYCO1-LIE was
chosen as a control. In addition, these peptides incorporate key mutations that provide
valuable insights into structure—activity relationship (SAR) studies. They were assembled
by conventional solid-phase peptide synthesis (Fmoc-) and HPLC-purified before further
processing, Disulfide cyclic analogs were obtained by Ha( oxidation in mild conditions,
whereas covalent cysteine crosslinking was induced by mixing the linear peptide form with
the cormesponding di-bromol linker (AM7? peptide) in aqueous NaHC Oy /acetonitrile buffer
(pH 8.0). Upon full conversion into their macrocyclic forms (<1 h, HPLC monitoring), the
resulting compounds were HPLC-purified (see the Materials and Methods for details).

2.5, Biophysical A sstys

To measure the dissodation constants (Kg4) of the peptides on human recombinant
His-tagged LC3B protein, MST experiments were carried out on a Monolith NT.115Fice
instrument (see the Materials and Methods section for details). To validate the applied
biophysical method, the K3 value of the FYCO1-LIE peptide (DAVFDIITDEEL) was used
as a positive control, yielding a Kg value of 3.6 + 1.2 pM (Figure 4A). This mesult closely
aligns with the values reported by Cerulli et al. [31], who measured the Kz of FYCO1
(DDAVFDIITDEELW) using Biolayer Interferometry (BLI) assays, obtaining a value of
31 =+ 06 pM [30]. To note, the slightly lower Kj value observed by Cerulli and coworkers
could be explained by the presence of additional I and W residues in the amino- and
carboxy-terminal groups, respectively, in the FYCO1 sequence tested by them. Mext, the
binding affinity of the peptides AM2, AMé6, AM7, and AM10 to the human LC3B protein
was assessed. Interestingly, in the case of AM32, the addition of an iodine atom to the
benzy] group of F4, which is projected into the HP1 pocket, nearly hakred the K value
(2.2 £ 0.5 uM. Figure 4B) compared to FYCO1-LIR (Figure 4A). In addition, from the MST
experiments, it is clearly observable that the iodine group of AM2 stabilizes the complex; in
fact, the points of the K3 curve fit much better, and this is reflected in a high signal-to-noise
ratio (SME) value (14 4, Supplementary Materials, Table 51). Interestingly, these resulbs
reflected both the predicted computational AG* and EMSF values for AM2 (Table 1).

The binding affinity to the LC3B protein significantly improved for the peptides with
backbone rigidification and 17M mutation (ie., AM6 and AMT7), as shown by their K val-
ues of (b6 =+ (.2 uM and 0.9 + 0.4 pM, respectively (Figure 4C,1)). Interestingly, in this case
it is also observable that there is a good correlation between the computationally predicted
AG* and experimental Kz values (Table 1). The MST experiments reveal that a disulfide
bond {AMSs) facilitates binding interactions mome effectively than a bulkier linker bridging
the sulfur atoms (AMY7). Furthermore, the -CHy-Ph-CHs- linker displays aggregation at
concentrations of 31.25 uM or higher (Figure 4D), inferfering with the MST analysis. The
meliability of computational studies is further confirmed by MST analysis of the stapled
peptide with the lowest predicted AG* and EMSF values (AM10, Table 1). Notably, this pep-
tide exhibited the highest binding affinity for human LC3B protein (Kj = 0.04 + 0,01 pM).
This finding highlights the crucial role of the iodine group in F4 and demonstrates that its
combination with other mutations, such as M7 and C9%-C12 (invelved in a disulfide bond),
leads to a dramatic improvement in K. In fact, the K value is about 90-fold lower than
that of the parent peptide FYCCO1-LIR.
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Figure 4. MST curves obtained by incubabing human secombinant His-tagged LC3B profein with
different concentrations of the control peptide FYCO1-LIR (A) and AMZ (B), AMs (C), AM7 (D),
ard AM10 (E), using the Monolith NT.115" instrument. In the case of AM7, the three highest
concentration points (125, 62.5, and 31.25 pM) were discarded due to aggregation. (r = 2 independent
measurements; error bars represent the standard deviation).

2 b Biological Assays on PC-3 Cells

Based on the biophysical results, the biclogical activity of the peptides FYCOl-LIR
(used as a reference), AMé6, and AM10was evaluated on the viability of two CRIPC cell
lines which differ in their ability to activate the autophagic process: PC-3 cells, which show
measurable endogenous autophagic activity; and DU145 cells which, due to lacking the
ATGS protein, are unable to form autophagosomes and activate the autophagic process [37].
PC-3 cells were treated for 72 h with increasing doses of FYCO1-LIR, AM6, and AM10,
and at the end of the treatment, an MTT assay was conducted. Figure 5A—C shows that
all peptides reduce cell viability in a significant dose-dependent manner starting from the
(1025 mM dose up to the 5 mM dose. Treatment of DU145 cells with the same compounds
for 72 h at a dose of 5 mM showed no effect on cell viability (Figure 51). This result
highlights that the compounds are specific and selective; in fact, they ame ineffective in
DU145 cells that ane ATGS-deficient, as shown in Figure SE

In order to evaluate in more depth the ability of the compounds to act as autophagy
inhibitors in PC-3 cells, the expression of the LC3 and SOSTM1 (sequestosome], pb2)
proteins was analveed. Treatment with FYCOI-LIE, AMé, and AM10 for 43 h at a dose
of 5 pM significantly reduced the level of LC3-1and LC311, without modifying the LC3-
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II/ LC3-1 ratio. It is plausible that all compounds bind to the LC3 precursor and prevent
the efficient processing of LC3 by the cysteine protease Atgd, reducing the formation of
both LCH and LC3-II without changing the ratio of LC3-I1/LC3-L This action inhibits
the formation of autophagosomes and then the basal autophagy process. The analysis of
LC3 expression afier 72 h of treatment shows that FYCOM-LIR and AMaé lose their efficacy,
while AM10 retains the ability to inhibit both LC3I and LC3II (Figure 6A). In addition,
we analyzed the expression of p62, another protein imvolved in the autophagic process.
This protein is recruited into autophagosomes linked to the material to be addmessed for
degradation in lvsosomes. The p62 protein represents a marker of the autophagic flux; in
fact, when autophagosomes fuse with lysosomes, the materials in autophagoly sosomes
were degraded including p62. The results obtained show that after treatment with the
compounds for 72 h and 96 h, the expression of p62 increases significantly, demonstrating
an impairment of autophagic flux. This result highlights that the compounds, mainly
AMI10, could determine an accumulation of materials that are not correctly degraded at
the lysosomal level (Figure 6B). The analysis of the molecular mechanism suggests that
the compounds interfere with the endogenous autophagy that preserves the tumor cells’
survival; furthermone, it is presumable that the inhibition of a pro-survival basal autophagy
determines a stressful condition which leads to a reduction in cell viability as demonstrated
by the MTT assays.
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Figure 5. Effect of FYCO1-LIR analogs on CRPC cell viability. (A-C) PC-3 aells were treabed with
FYCOI-LIR, AMS, ardd AMI0 for 72 he Cell viability was evaluated by MTT assay. (D) DUL45
ceells wee e treated with FYCOL-LIE, AMs, and AMI10 for 72 h. Cell viability was evaluated by MTT
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by one-way analysis of vatane ANCVA followed by Dunnett’s post hoc test (* p< 005 va, O
**p< 0001 va O™ p < 0.0001 ws. C). (E) Analysis of ATGS expresson in DUL45 and PC-3 aell
lines. Tubulin expression was ev aluated as a prolein control.
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Figure 6. Effect of FYCO1-LIR analogs on autophagy in PC-3 cells. (A} Analysis of LC3 expression
after treatment with FYCO1-LIR, AM6, and AM10 (48 h and 72 h). (B) Analysis of p62 expression
after treatment with FYCOI-LIR, AM6, and AM10(72 h and 96 h). Tubulin expression was evaluated
as a protein control. Relative optical density was quantified by Image] softwane (version 1.54g). WB
was performed independently three times, and a representative blot is presented. Data represent
the mean values = SEM and wen: analyzed by one-way analysis of vatiana: ANOVA followed by
Dunnett’s post hoc test (* p< 0.05vs. C;** p< 0.01vs. C; *** p< 0.001 vs. C; **** p < 0.0001 vs C).

An important problem of tumor is represented by therapy resistance [38]. In fact, in
prostate cancer, numerous studies have investigated the implications of autophagy in resis-
tance to hormonal therapies or chemotherapeutic agents. Abiraterone and Enzalutamide,
currently employed in CRPC therapy, activate an autophagic response that reduces their
effectiveness [39]. Docetaxel (Doc), a chemotherapeutic drug which inhibits microtubule
depolymerization, represents the first-line treatment for metastatic CRPC. The treatment is
effective in the early stages, but over time itsefficacy is drastically reduced [40,41]. For this
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reason, a lot of research was focused on the molecular mechanisms irvobved in chemother-
apy resistance including autophagy [21,22,42]. The action of AM10 in combination with
Doc was then analyzed in PC-3 cells to evaluate its ability to modulate the oytotoxic action
of Doc. An MTT assay was performed to determine the dose of Doc capable of significantly
reducing cell viability. PC-3 cells weme treated with Doc at concentrations of 1 nh, 10 nM,
20 nM, 50 nM, and 100 nM, for an incubation time of 48 h. The results showed a significant
reduction in cell viability at concentrations of 10 nhd, 25 nb, 50 nM, and 100 nM, with a
dose-dependent effect. The effect of simultanecus treatment with Doc (25 nM) and AM10
(5 uM) on cell growth was subsequently evaluated by cell count. The results obtained
showed that treatment with AM10 increases the antitumoral activity of Doc in a significant
manner (Figure 7A). The impact of AM10 on Doc-induced autophagy activation was then
explored by analysis of LC3 expression. & Western blot of LC3 shows that AM10 treatment
does not determine a change in the LC3-11/ LC3-1 ratio but reduces the expression of both
LC3H and LC3IL On the contrary, Doc treatment determines a significant increase in
LC3-Il expression, indicative of autophagy activation in response to the stress induced by
the compound. Combination treatment conducted simultanecusly for 48 h with Doc and
AM10 determines a reduction in LC3-1 expression compared to Doc alone, suggesting that
AM10 can inhibit Doc-induced autophagy (Figure 7B). Then, AM10 in combination with
Doc can counteract the autophagic activation induced by Doc, potentially influencing the
sensitivity of PC-3 cells to chemotherapy.

It is kmown that autophagy and apoptosis are interconnected phenomena, and several
studies have examined how autophagy may influence the ability of Doec to trigger apoptotic
cell death on PC cells. The observations obtained are still discordant, and to date it
is impossible to draw conclusions on the wle of autophagy in the regulation of Dec
cytotoxicity and in the development of resistance in CEPC cells [43-46]. For this reason, we
evaluated the activation of apoptosis by analysis of caspase-3 cleavage after simultaneous
treatment with Doc and AM10. Figure 7C highlights that AM10 does not induce caspase-3
activation, unlike Doc which is known to trigger apoptotic cell death by activating the
executor caspase-3. The combined treatment enhances the expression of cleaved caspase-
3, demonstrating that the inhibition of Doc-induced autophagy by AM10 enhances the
apoptotic oell response. Therefore, AM10 acts as sensitizing chemotherapy rather than
dimectly promoting apoptosis (Figure 7C). Consequently, we can affirm that AM10, by
inhibiting the pro-survival autophagy induced by Doc, could represent a therapeutic
opportunity to enhance the efficacy of Doc and decrease the dose of taxanes that are
responsible for numerous side effects and reduce the resistance to this chemotherapy
in CRPC.

Many studies have analyzed the nature of autophagy activated by Doc in PC and
the impact of autophagy inhibitors on cell proliferation. The results obtained using 3
Methyladenine (3-MA) in association with Doc were contradictory. Hu and collaborators
reported how 3MA enhanced the cytotoxic action of Doc [46], while other studies showed
that 3MA decreased the chemotherapy efficacy [43,47 48]. Finally, our study showed that
FMA does not modify the oy totoxicity of Doc in PC-3 cells [45]. A more convincing result
was obtained using the autophagy inhibitor CO which enhanced the action of Doc by
reducing resistance to chemotherapy [49].

165



it . Mol Sci 2025, 26, 5365

1daf2l

A

1 MK

=

. -LE3-1
1610 | g 2 C3,

G WD - | —— — | - LDUlIN

0,63 0.61 1,60 135 | Aatio LC3-ILC3A

€ AMI10 Doc Doc +
AM10

Al Doc  Docs

asaw

15k0a - !
17 kDa - e s . caspase-3 cleaved S
55405 | AP —— | - UbUID s
#
2
3

C AMI10Doc Doc +

Al10

C AM1D D De +
AR

Figure 7. Effect of Dowetacel (Doc) in combination with AMI10 on PC-3 eell proliferation and death,
{A) PC-3 cells were simultanecusly treated with Dec (25 nM) and AM10(5 mM) for 48 h. Cell growth
was evaluated by ell count Data represent the mean values = S5EM of four biclogical samples
(n=4) and were analyzed by one-way analysis of variance ANOVA followed by Tukey's post hoc test
(™ p< L0001 wa C;** p<0.01). (B) Analyss of LC3 expression after teatment with Doc (25 nM)
and AM10 (5 mM) for 48 h Tubulm expression was evaluated as protein control (C) Analysis
of caspase-1 deaved after treatment with Doe (25 nM) and AM10 (5 mM) for 48 h. The tubulin
expression was o aluaked as a protein control. WB was performed independently three mes, and a
representative blot s presented. Relative optical density was quantibed by Image] software (version
154g). Data represent the mean values - SEM and were analy zed by one-way analysis of variance
ANOVA followed by Tukey's post hoc test (*** p < 0.0001 vs. C).

Biological assays on different cancer cell lines. The cell viability of different concen-
trations of FYCO1-LIE, AMS6, and AM10 (from 0.0025 to 5 uM) peptides was evaluated
with an MT5 assay on the MCE7, A54%, and A375 cancer cell lines Interestingly, as shown
in Figure &, a coneentration-dependent reduction in cell viability (expressed as percentage
% of viable cells) was observed in all tested cell lines as compared to the untreated control
cells. In more depth, the results showed that MCF-7 cells are more responsive than the
other tested cell lines. Overall, these findings support the effectiveness of these compounds
in tumor cell lines with various orgins and characteristics (Figure §). Additionally, consid-
ering these mesults suggests that the AM10 peptide could have interesting application in
cancer therapy; nevertheless, further studies should be conducted to better understand the
translational aspects of the tested therapy.
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Figure 8. Effect of FYCO1-LIR analogs on different cancer cell ines. MCF-F (A), A549 (B), and AXFS
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MTS assay. Data the mepresent the mean values £ 5EM of four biological samples (n = 4} and wene
analy zed by one-way analysis of variance ANOVA followed by Tukey's post hoc kest (** p< 001 v,
G p< 0001 va G p < 0.0001 ws. C)

3. Materials and Methods
1L Computational Design of FYCO1 Analogs

The starting computational model of LC3B was generated using the 3D coordi-
nates from the LC3B/FYCO1-LIR complex (PDB accession code 5094 [26]). The complex
model was optimized using the Protein Preparation Wizard in Maestro (release 2021-2,
Schridinger, LLC, New York, NY, USA), which included the following: residue protonation
state assignment at pH 7.4, residue verification, clash resolution, and application of the
OPL54 force field. Then, the profein-ligand complex was solvated in a cubic box of TIP3P
water molecules and subjected to energy minimization, followed by 250 ns MD simulations
using the Desmond algorithm of Maestro (release 2021-2, Schridinger, LLC, New York, NY,
USA) [50] The peptide stability in complex with LC3B was assessed using the “Simulation
Interactions Diagram™ tool. The Ca atoms EMSD and RMSF graphs of all the simulated
systems are available in the Supplementary Materials, Figure 51 and Figure 52, respectively.
The peptide binding free energy value was calculated using the Prime MM-GBSA algo-
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rithm in Maestro (release 2021-2, Schridinger, LLC, Mew York, NY, USA) [51], employing
the single-trajectory approach. The resulting binding free-energy value was designated
as AG* [24,31] and calculated for all peptides (Table 1). The peptides of the AM series
investigated in this paper (Table 1) were manually built starting from the LC3B/ FYCO1-LIE
complex and using the “mutate residue” and drawing tools available in Maestro (release
2021-2, Schrdinger, LLC, New York, NY, USA). The AG* values of the FYCO1-LIR analogs
were calculated using the computational protecol adopted for the reference FYCOT-LIR
peptide. The LC3B/Combl complex was generated through a three-step protocok

1. Structural Alignment The LC3B/FYCO1-LIR (PDE: 5094 [26]) and LC3A /FYCO1
(PDEB: 5CX3 [52]) X-ray structures were superimposed to establish a common spa-
tial framework

2 Peptide Transfer and Adaptation: The DDAV FRDIOTDEELCQIQESG peptide from the
LC3A /FYCO1 complex was transfermed onto the LC3B surface. This transter was
feasible because the FYCO1 segment (DAVFDIITDEEL) in the LC3B complex aligned
perfectly with its counterpart in the LC3A structure. The sequence was then manually
adjusted to match Combl.

3 FRefinement The mesulting LC36 /Combl model was optimized using energy mini-
mization and MD simulations, following the protocol previously described.

12 Sinthesis of Peptides

All material and reagents wene purchased by Sigma Aldrich, if not otherwise stated.
Peptides weme assembled on a 2-CTC resin by stepwise solid phase Fmnoc-chemistry in a
(.15 mmol scale. Concentrations of 0.5 M Chyma and 0.5 M DIC were used as activators,
while a 207 piperidine solution in DMF was used for Fmoc-eemoval Upon iterative chain
assembly, peptides wene cleaved off the resin by treatment with a TFA-based mixtune (92.5%
TEA, 2.5% TIS, 2.5% thicanisole, 2.5% water), and precipitated in cold ether. Crude peptides
wene recovered by centrifugation, and HPLC-purified (C-18 column, Phenomenex). For
cvclization purposes, peptides wene oxidized by dissolution at 100 mM in a phosphate
buffer (pH = 7.8), where 1.1 eq. of 10 mM Hy(% weme added. The reaction was HPLC-
monitored until completion and the resulting product HPLC-purified. For linker-based
cyclization, to peptide solutions in 50:50 NMaHCO4 aq. /acetonitrile (pH = 8.0), 1.5 eq. of
bis-alkylating reagent was added. The reaction was HPLC-monitored until completion
and the resulting product HPLC-purified. The mass spectra and HPLC graphs of the
FYCO1-LIE, AM2 AMs, AM7, and AM10 peptides are available in the Supplementary
Materials, Figure 53 and Figure 54, nespectively.

1.3, Biophysical Assays

The interaction between peptides (FYCO1-LIR, AM2 AMs, AM7, AM10) and the
LC3B protein was evaluated using the Monolith NT.1157% instrument (ManoTemper Tech-
nolegies GmbH, Minchen, Germany). This technique enables the determination of the
dissociation constant (K ;) across a concentration range spanning from 1 picomolar (ph)
to the millimolar (mM]} level. The experimental conditions mirrored those in our previ-
ously published work [31]. In summary, His-tagged human recombinant LC3B (Catalog
Mo, 14555 HO7E, Sino Biclogical, Beijing, China) was labelled with the His-Tag Labelling
Eit RED-iris-NTA 2nd Generation (Product No. MO-LO18, ManoTemper Technologies
GmbH, Miinchen, Germany ) for 30 min at room temperature. A constant concentration
of red-labelled LC3B (10 nM) was incubated with sixteen 1:1 serial dilutions of peptides
{concentration details are consultable in the Supplementary Materials, Table 51). PBS-T
(phosphate-buffered saline + 0.05%: Tween™ 20}, from NanoTemper Technologies, with
2 5% dimethy] sulfordide (DMSO) (Product No. DE418; Sigma-Aldrich, Saint Lowis, MO,
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USA) was used as buffer. After 15 min of incubation at room temperature, samples were
loaded into standard capillaries (Product Mo, MO-K022; NanoTemper Technologies) and
analyzed at 25 *C with 207 excitation power and medium MST power (40%) using the
"Binding Affinity” mode available in the MO.Control v1.6 software (ManoTemper Technolo-
gies GmbH, Miinchen, Germany ). Prior to K3 determination, peptide auto-fluorescence
was assessed. Data analysis was performed using MO AHinity Analysis v2.3 software
(NanoTemper Technologies GmbH, Miinchen, Germany) applying the Ky model for fitting
the binding curve, while the figures were generated using GraphPad Prism v8.0.2 software
(GraphPad, Boston, MA, USA). In the case of AM7, the three highest concentrations (125,
62.5, and 31.25 pM) were excluded from analysis due to aggregation phenomena, as evi-
denced in the Supplementary Materials, Figure S50 The “Capillary Scan” graphs, showing
the fluorescence homogeneity in the capillaries of all biophysically tested peptides, are
provided in the Supplementary Materials, Figure 55.

34 Cell Lines

The study was conducted on several cancer cells. Human CRIPC cell lines (I'C-3 and
DU145) were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured at 37 "C and 5% COy in RPMI 1640 (EuroClone, Milano, Italy)
supplemented, respectively, with 7.5% (PC3) and 5% (DU145) FBS (Gibeo, ThermoFisher
Scientific, Waltham, MA, USA), 1% L-glutamine, and antibiotics (100 IU/mL penicillin G).
Luminal A MCF-7 breast cancer cells (ATCC, Manassas, VA, USA) were cultured in Dhal-
becoo’s Modified Eagle Medium /Nutrient Mixture F-12 (DMEM-F12, Gibco Laboratories,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Giboo Labora-
tories, Waltham, MA, USA), 1% penicillin/ streptomycin {(Gibco Laboratories), and 1%
L-ghatamine (Gibeo Laboratories). A54% human lung cancer cell line (ATCC, Manassas, VA,
USA) were cultured in Dulbecco’s modified eagle medium (DMEM, Lonza, Switzerland)
supplemented with 10% FBS (Gibco Laboratories, Waltham, MA, USA), 1% of 100u/mL
penicillin/ stre ptomycin {Giboo Laboratories), and 1% L-glutamine (Giboo Laboratories).
The A375 melanoma cell line (ATCC, Manassa, VA, USA), derived from skin lesions was
cultured in RPMI 1640 media (Gibeo Laboratories, Waltham, MaA, USA) supplemented with
1% of penicillin/streptomy cin (Gibeo Laboratories, Waltham, MaA, USA), 1% L-glutamine
(Gibco Laboratories, Waltham, MA, USA), and 10%: FBS (Gibco Laboratories).

3.5 Cell Viahility Studies

For viability studies, MT5 (Cell Titer %6 Aqueous One Solution Cell Proliferation As-
say) (Promega, Nacka, Sweden) and 34, 5-dimethy lthiazole-2-y1} 2,5 diphenyltetraz olium
bromide (MTT) (Sigma-Aldrich, $t. Louis, MO, USA) assays wene conducted. PC-3 and
D145 cells were plated at the density of 3 « 10 cells/well in 24-well plates. After 45 h,
cells were treated with FYCO1-LIE, AMas, and AM10 at 0.0025 pM, 0,025 uM, 0.25 pM,
25 uM, and 5 pM doses for 72 h. At the end of the treatments the medium was replaced
with MTT solution (0.5 mg/mL) in RPMI without phenol red and FBS. Following 3045 min
of incubation at 37 °C, the precipitate was dissolved with isopropancl. The absorbance
(A = 550 nm} was measured by an EnSpire Multimode Plate reader (Perkin Elmer, Milano,
Italy). The absorbance value of untreated cells was set at 100% (control), and the viability of
treated cells was expressed as a percentage of the control. Three independent experiments
were performed for each condition. MCE-7, A549, and AJ375 cells were seeded at a density
of 1 x 10% cells/well in 96-well plates and maintained under standard growth conditions.
After 24 h, the cells were treated with FYCO1-LIR, AMé and AM10 at 0.0025 pM, 0,025 pM,
25pM, and 5 uM doses. After 72 h, cell viability was assessed using an MT5 assay ac-
cording to the manufacturer’s protocol using a 96-well-plate spectrophotometer (Varioskan
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Flash Multimode Reader; ThermoFisher Scientific, Waltham, MA, USA ) set at A = 490 nm.
The absorbance value of untreated cells was set at 100% (control), and the viability of
treated cells was expressed as a percentage of the control. Three independent experiments

were performed for each condition

d.6. Western Blot (WEB)} Assay

PC-3 cells were plated at 2 x 10° cells/ dish in 6 cm dishes and treated with different
compounds. At the end of the treatments the cells were lysed in RIPA buffer. Protein
extracts (15-35 ug) weme resuspended in presence of reducing Sample buffer (Bio-Rad
Laboratories, Segrate, Milano, Italy), heated at 95 *C for 5 min and separated by SDS-PAGE
WH. Proteins wemne transferred onto nitrocellulose or FVDF membranes. After blocking
with nonfat dried milk, membranes were incubated with ant-ATGS (1:1000) (#120994) Cell
Signaling Technology Inc. (Boston, MA, USA), anti-LC3 (1:1000) {L8918) (Sigma-Aldrich),
anti-S5TM1 /p62 (1:2000) (PA5-20839) (Thermo Fisher Scientific, Waltham, MaA, USA),
anti-cleaved-caspase-3 (1:500) (#9664) Cell Signaling Technology Inc. primary antibodies
overnight at 4 “C. Horseradish perocidase (HREI?) conjugated secondary anti-rabbit or
anti-mouse antibodies were used for 1 h at room temperature and the membranes were
processed using chemiluminescence kit Cyvanagen Ultra (Cyvanagen, Bologna, Italy). In
each WEB experiment alpha-tubulin expression (Te199) (Sigma-Aldrich, 5t Lowis, MO,
LUSA) was evaluated as a protein control. Relative optical density of the bands was as-
sessed by Image] software (version 1.54g). Uncropped WB images ame available in the
Supporting Information.

A7, Cell Proliferation Studies
PC-3 cells were plated at 2 = 107 ells/ dish in & cm dishes and treated simultaneoushy

with AM10 (5 mM) in combination with Doc (25 nM) for 48 b The cells were then collected
and counted using a hemocytometer.

1.8 Statistical Analysis

Statistical analysis of the results was performed by one way performed of variance
(ANOVA) followed by Dunnett’s test or Tukey's multiple comparison post-test. Prism
software was used for the analyses (Prism 8 for Mac OS5 version 8.2.1, GraphPad Software,
San Dhego, CA, USA).

4, Conclusions

This work began by studying the sequence of FYCO1-LIR, a peptide known to bind
LC3B, and applied a computational approach combining MDD simulations and MM-GBESA
calculations to predict the binding affinity of novel peptides generated through sequence
mutations. Chur methodology significantly enhanoed both the stability and affinity of the
redesigned peptides (Table 1, Figures 1 and 2). The electrostatic interactions between
the new peptides and LC3B's positively charged surface—defined by the residues K49,
k51, R69, and B70—correlated with low predicted AG* values, explaining their improved
binding efficiency. Structural rigidity conferred by disulfide bridges in the peptide se-
quences reduced fluctuations at LC36's LIR binding site while enhancing the occupancy
of the HF1 hydrophobic basin (F7, 123, P32, 134, 153, and F108). Motably, the top analog,
AMI10 (a decamer), demonstrated a binding mode comparable to Combl (eicosapeptide,
K4 = 0.12 uM), despite its shorter kength [30]. Experimental validation via MST confirmed
AM10's superior affinity (Kg = (.04 uM), representing an approximately 80-fold improve-
ment owver the parent FYCO1-LIR peptide (K3 = 3.1 uM). Biological assays in PC-3 cells
revealed that AMé and AM10 diminished cell viability and inhibited autophagosome
formation and autophagic flux, as evidenced by the expression of LC3-, LC3-11, and p62.
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Furthermone, co-treatment with Doc and AM10 determined an enhancement of apoptosis,
demonstrating that AM10 is able to counteract Doc-induced autophagy which causes a
reduction in chemotherapy-induced apoptotic cell death. Owerall, the results obtained may
suggest the use of AM10 to reduce resistance to pharmacological therapies that activake a
cellular protective pro-survival autophagic response.

The efficacy of AM10 against prostate cancer and other different tumoral cells suggests
its use as a novel autophagy modulator for cancer treatment, particularly if intracellular
delivery via nanocarriers or liposomes is optimized. Moreover, since AM10 can bind to
the LC3B area close to the arginine-rich motif {residues 68 to 70), the one regulating the
mBENA degradation during autophagy [53], our results open the way to design new peptide
nucleic acids (PMAs) for RMA-based therapeutics, which could represent a new class of
autophagy modulators.

Supplementary Materials: The following supporting sformation can be downloaded at hitps:/ farwna
mdpi.com/article, 10,3390 /fms26115365 /s 1.
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Background: HLA-C molecules play a critical role in the immune response,
particularly in antigen presentation and immune modulstion.

Methods: To investigate the effect of the most commaon HLA-C allotypes on the
stability of the HLA-C-fi-2 microglobulin-peptide complex, we used the
MetMHCpan-4.2 bicinformatic tool that predicts peptide binding to MHC class
| molecules. This allowed us to predict the probability of 3 broad set of peptides
to be natumlly processed, presented on each HLA-C allotype. and ultimately
recognised by the immune systemn, measured by EL-score. By plotting the EL-
scome against the percentile of the peptide’s stability mnk position, curves were
dmwn to illustrate the relative stability of the binding intersction of each HLA-C
allotype tested, and the area under the curve was caloulsted to determine a
stability score for each HLA-C variant.

Results: This approach permitsus to greatly improve the classification of HLA-C
allotypes according to their stability, owercoming the previous coarse stable and
unstable binary classification. Analysis of two well-chascterised HIV-1 patient
cohorts, one fooused on disesse progression and the other on neurccognitive
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impairment, demonstated a significant association betwesnunstable HLA-C alleles,
faster disease progression, and worse HIV-associsted neurocognitive outcomes.
Conclusions: These findings underscore the mle of HLA-C stability in AIDS
progression, suggesting that profiling HLA-C stabilty may serve as a predictive
too | for HIV-1 disesse manage ment and assessing neurocognitive risk, with potential
implications in personalised medicine.

WO

HLA-C, HIV-1, antigen pressntstion, immune rsponse, neurocog nitive disrders, HAND,
peptide-binding stability, personalized medicine

Introduction

The human leukocyte antigen [HLA) system is a key
component of the innate and adaptive immune responses, playing
acritical mle in antigen presentation (1, 2). HLA-Cisa dass [ major
histocompatibility complex (MHC-I) molecule involved in the
immune surveillance against infections and malignancies. Unlike
HLA-A and HLA-B, HLA-C exhibits lower surface expression and
distinet peptide-binding properties due to les efficient asse mbly
and cell membrane expression (3-5), making it functional stability
a critical aspect of immune response regulation (5). Despite its
historcally perceived lower relevance, emerging evidence has
demonstested that HLA-C plays a significant role in modulsting
immune responses, particularly in HIV-1 infection, infleencing
viral replication, immune escape mechanisms, and disease
progression (7).

HLA-C is central to antigen presentation to CDE+ T cells and
immune surveillance. s genetic variability influences disease
susceptibility and transplant compatibility (1, 2). Furthemmaore,
the stability of the HLA-C-f-2 micmoglobulin (fom)-peptide
complex determines antigen presentation efficiency, with less
stale variants linked to impaired immune responses, increased
inkction risk, and reduoced immunotherpy efficacy (7-9).

HLA-C expression varies sgnificantly among individuals {10)
and is modulated by genetic factors, incleding promoter
poly: isms, microBNA interactions, and altermative splicing
@, 11-13). Single-meclectide polymorphicms (SMNPs) in the 3
untranslated region (3'UTR) of the HLA-C gene affect its
expression levels, particulady through regulation by miR-148a
{14). Furthermore, HLA-C upregulation has been linked to
greater immune pressure on HIV-1, driving viral evolution and
immune escape mustations { 10).

The efficiency of antigen presentation & directly linked to the
stability of the HLA-C/peptide complex, which vares across alleles
and can impact inmune recognition and viral control Unlike HLA-
A and HLA-B, HLA-C displays mome selective peptide-binding
preferences, which impact its efectivenes in presenting viral
antigens. HLA-C allotypes display considerable variation in their
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stability (9). These differences affect the capacity of HLA-C
molecules to stabilize peptide-MHC complexes and maintain
antigen presentation on the cell surface. While allotypes like
HLA-C05 and HLA-CH are dameterzed by higher binding
stabdity, oihers, such as HLA-CP07, are mor prone to peptide
dissoctation and degradation (6] Sibdio and cdleagues evaluated
the post-assembly stability of HLA-C variants wsing pulse-labelling
assays in homozygous cell lines expresing eight serlogically
defined HLA-C alleles. Their findings revealed that some HLA-C
varants, such as HLA-C05, C706, C*08, exhibit stronger binding to
fam, whereas others, inchading HLA-C04 and C'07, display
weaker fiam association and reduced complext stabidiry (15).

The extensive polymorphism of HLA alleles presentschallenges
for experimentally characterzing HLA/peptide stability scross
variants in witre. To overcome this limitation, several
computational teols have been developed to predict the
interaction between HLA and peptides {16), among which
NetMHC pan stands out for its high predictive accuracy (17). This
madel incorporates multiple parameters, including binding afinity,
stability, length, procesing and presentation pathways, o estimate
peptide presentation and immunogenicity (17). NetMHCpan wses
artificial neural networks trained on experimental binding afinity
and mass spectrometry-eluted ligand (EL) data to significantly
improve the accurcy of peptide-binding predictions across
different HLA alleles. Evolving throwgh versions 4.0, 41 and most
recently 42, it incorporates enhanced machine learming technigues
and new training datasets to improve performance in identifying
immunegenic peptides (17-19 A key innovation in recent versons
is the integration of structural features 1o enbance the predictive
power of the algodthm (185), a5 well as the EL-score (19), which
incorporates data on naturally processed and presented peptides
obtained via mass spectrometry-based ligand elution assays (20
This overcomes the limitations of the traditional IC50-based
calculation of binding afinity. Therefore, the EL-score represents
a composite measwre that integrates binding afinity (BA). the
traditional indicator of peptide- MHC interaction strength, with
eluted ligand data Fom naturally presented peptides, enbancing
biclogical mlevance. It dso incorporates peptide stability and
processing parameters, reflecting the likelhood that a bownd
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peptide remaing stably digplayed on the cell surface. The EL-scome
aims to predict the likelibood that a peptide will be naturally
processed, presented on an MHC dass | molecule, and wltimately
trigger immunity. Studies have shown that the EL-scor provides a
better comelation with immunogenicity than BA alone. For
instance, Harndahl et al. demonstrated that peptide-MHC
stahility is a stronger predictor of T cell activation than affinity,
apporting the indusion of EL data in prediction models (8]
Simdiarly, Rasmussen et al reported that combining affinity and
stability scores improves the identificstion of CTL epitopes,
reinforcing MetMHCpan's valee in epitope discovery for vaccine
development (211 Becent improvements wsing deep learning
frameworks and large-scale mass spectrometry have further
refined El-score predictions, supporting it & a robust metric
linking computational models to expermental outcomes.

HL A-C expression levels and the stability of its association with
fram and peptide are Jey factors influencing antivical immunity.
Certain HLA-C alleles are lnked to better control of HIV-1
replication {10). Vadations in viral load asocited with different
HLA-C alleles are thought to mesult from differences in their
capacity to present HIV-derived peptides to CD8+ T cell and
NE eells—key players in targeting infected cells (27). Momover,
research s shown that HLA-C expression levels and peptide-
binding stability are critical determinants of immune control
(23 Unstable HLA-C variants have alio been linked to increased
HIV-1 infectivity. Previous findings from our group indicate that
these variants may dissocite from fism, forming fee heavy chains
that interact with the HIV-1 envelope glycoprotein (Env),
enhancing viral infectivity (24). In contrast, stable HLA-C
variants remain bound to fam and retain strong antigen-
presenting functions, which are associated with better inumisne
contrd. Thus, binding stability to peptides confers to HLA-C the
ability to act 25 a conventional molecule involved in cellular
immunity, of as an accessory fctor modulating HIV-1
infectivity (25).

HI'V-associated newrccognitive disorders (HAN D) encompas 3
gpectrum of subjective and objective cognitive impairments, from
mild to severe, that oceur in appraximately 50% of HIV-infected
individuals and persist despite effective antiretroviral therapy,
suggesting that host genetic factors influence their onset and
progression (26). HLA-C polymorphism also plays a mle in
HAND (27, 28). Unstable HLA-C variants may contribute to
liglser levels of Fee fim in cerebrospiml Buid, leading to chmnic
meurcdn ammation and neeronal damage (29). This mechanism is
supported by associations between high fom levels and
nevrodegenenative conditions, indeding Alrheimer’s disease (30
Additionally, HLA-C'07 has been specifically linked to a higher
incidence of HAND in HIV - positive individ sals, further supporting
the Fypotlsesis that HLA-C varation plays a mole in neurocogn itive
imyprairment (31).

In ihis study, we sought to thoroughly investigate HLA-C
stalility to evaluate its relevance to HIV-1 dinical outcomes. To
progression and neurcoognitive outcomes.
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Materials and methods
Molecular dynamics analysis

Starting from the crystal strsctures of five buman allelic variants
of HLA-C currently available on Protein Data Bank (specifically:
HLA-C0304 - PDB 1D: 1EFX; HLA-CH0&01 — PDB ID: 100D
HLA-C05M - PDB ID: 5VGD; HLA-C'0602 - PDB ID: 5WoA;
HLA-C0702 - PDB IIx 5VGE), single point mutations were
introdueced on the co-crystallized nonapeptides wsing Maestros
Workspace tool ‘Mutste Resdue® (release 2021-2, Schridinger,
LLC, Mew York, NY, USA). Subsequently, F195B foree Beld (32)
were applied on the systems using the “Protein Preparation
Wizard™ available in Maestro (release 2021-2, Schoddinger, LLC,
Hew York, NY, USA), then the complexes were immened in TIP3P
(33) water cubic boxes and their geometry was energy minimized,
allowing the remainder of the system (HLA-C and i;m) 1o adapt to
the newly introduced oligopeptide sequences Then, Molecular
Dynamies (MD) dmulations were sccomplished on these systems,
usirg the Amber2d The parameters for these MD smulations were
configured as follows: 300 ns, 300 K, and 1 atm. Por each system, we
carded out three independent replicas. The attained trajectories
were custered, by means of Amber24’s cpptraj tool (34), to identify
ihse different families of complex conformmations and to identify the
most populated ones. On these, the Molcular Mechanics-
Generalized Born Surface Area (MM-GBSA) approach was
applied to decompose the pairwise binding energetic
contributions within the HLAm interactions.

Peptide and HLA-C stability binding
analysis

Peptides binding to the 21 most frequent HLA-C allotypes in

the Towman papu]:tix:m (CM01402, CY2402, C0302, C03403,
CHO30d, C0a00, O3, CH501, a2, CO7m, COT02
CHO70d, CO801, CH802, CU12402, 1203, C1442, CU14403,
1502, O 160, O 17:00) were expedmentally validated by
Sarkizova et al. (35). The fnal number of selected peptides was
34070, with a median of 1403 -Lr.l.rge 730-3311) (Table 1), Their
database cumulatively covers 95.8% of individuak worddwide based
on allele Fequencies. For our analysis, we focused on peptides of 8-
12 amimo scids, as they comprised most of fue initial list and were
the ones prelerentially bound by MHC-T complexes (35). Allele
frequencies wer mepoted sccording to Sadeimova et al (35) The
Eluted Ligand (EL) score for each peptide binding to its specific
HLA-C allotype was determined wsing NetMHCpan-4.2 (tps=//
services healihech dtu dk/services/NetMHCpan-4.2/) with default
parameters. Peptides were then ranked by NetMHCpan42 EL-
seore for each HLA-C allle. The ranking was expressed in
percentiles (% HRanking) to sccount for differemt peptide pool
sizes. The resulting EL-score versus % Ranking curves were used
o calculate the area under the curve (AUC) to determine a stability
score for each HLA-C allotype considered (Figure 1)
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TABLE 1 The most frequent human HLA-C allotypes and their cal culated stabilty score.

Allotype Peptides numbser Frequency Stability score (ALKC) Weighted average
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Patient cohorts

Two groups of HIV-1 infected individuals were enmlled in this
study and categorized based on disease progression and
neurocognitive status.

The first cobort indeded 47 patients dassified as progressors
(P =10,000 copies HIV genomefmm®, and €200 CD4+ T
ymplocyies/mm™) and 37 patients casified as long-term non-
progressors (LTN Pe; <10,000 copies HIV genome/mm”, and =400
CDd+ T ymphocytes'mm®). HIV virldosd measurements wene
obtined periodically throughout each patient’s follow-up period
(defined & the interval between imitial infection detection and the
end of moniterng). LTNPs wers followed for 2 minimum of seven
years. Progresors were observed untl their CDM® T-cell cownt
declined to <200 cells/mm”, at which point antiretroviral trestment
was initivted and sample collection was discontinued. All subjects
fave informed consent, and the research protocols were approved
by ihe relevant institutional review beards and research ethics
committees (Ethics Committee of the Health Department of the
Federal District (#066/07) and the Ethics Commitiee for Analysis
of the public network of te Federal District, Brazik and the Ethics
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Commitiee for Analysis of Research Projects (CAFPesq) of Hospital
das Clinicas HCFMUSE (#CAPPesq #0306/10, Online registration
#5867), from the Faculty of Medicine at the University of $30 Pauls,
Brazil. The cobsort i unique since the study participants lad not
received any trestment at the time of sampling. Further detals on
the patient cohort are reported in our previows study (37).

The second cobort induded 57 patients referred by the
Infections Diseases Outpatient (linies of the Veroma University
Hospital a) aged < 67 years, b) on dualitriple antiretrovieal therapy
regimens, and with <) stable suppressed plasma viremia
Participants with a history of recurrent drug abuse, current dreg
addiction, or other newrological diseases (e.g. history of
cerébrovascular events) that could cawse cognitive decline
were excluded Each patient underwent a comprebensive
neuropsychological test battery designed to measure the cognitive
domains recommended by the three main disgnostic guidelines
(e, attention, executive function, laming and memory, linguage,
speed of processing, complex motor skils) (28). The impact of
cognitive difficulties on the abdity to peform everpday activities
was abio asessed. As neuropsychiatric symptoms frequently occur
dongside HIV infection, anxiety and depression were evaluated,

frontieran.ong
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The Frascati criteria (38) were used as the gold standard for
diagnosing HIV-asochited neurocognitive disorders (HAND) and
for dividing patients into HAND-positive (n=16) and HAND-
negative (n=41) groups. Patients reporting subjective cognitive
complaints were added to the fimt growp, in line with the most
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EL-score ws percenthe ranking cunves for each HLA-Clpeptide poal Individual EL-score wilues of each specfic HUA-C alitype and its
comesponding peptdes, 25 predicted by MetMHCpan-4.2, wene ranied and piotied against the perentile of the peptides’ ranking positon, resultng
n distinct stahilty distrbution profiles for each HUA-Callele HLA-C *08:00, O08:02 C14:02, C¥34:008 and S04 08 chearly show a strong inding
trend with most pentdes, whema HLUA-C"0704, C0F01 and C08: (0 exhibittihe losest EL-soom values for most peptdes. The curees are shown
owedapoed in (), whem exch ourve ks color-ooded 2o cording to the comrespanding HLA-C aliotype, and separaietly in {B], whers the 2ma under the

cume for each HLA-C alictype & reponed in T lower left comer of each piot

recent recommendations provided by the Intemational HIV-
Cognition Working Group, which highlight the importance of
changes in cognition that have been noticed by the individual or
an observer, even in the absence of impact on daily functioning (39,
All patients signed an infbrmed consent for the stedy dat was
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conducted according to the Declarmtion of Helsinki and approved
Iy thse Enstitutional Ethics Committes of Verona and Rovige (Italy)
(#2459 CESC)L

HLA-C genotyping and sequencing

DRA samples from all patients were extracted from peripheral
Tdosoud lympheocytes and subjected to allele-specific paymerase cain
reaction (AS-PCR) and Sanger sequencing to determine HLA-C
allotypes as described in our previows study (370 HLA-C alotypes
00, CH02, CHO5, CU06, C*12, CU14, £"15, C*16 and C*17 were
typed at one digit reslution, since less common allotypes were
mostly dustering in the same subgroup according to Shen et al {40).
Allele-specific PCR was used to type C71203 and C 1601
Sequencing amalysis of the HLA-C region between exons 2 and 3
was utilized to further charscterize HLA-CO302 (0303, C03404,
OO0, CHE03, CHOF01L, CO702, CO704, COd40 and CH08:02
variants at second digit resolution, by performing sequence
alignments at the Immune Polymorphitm Datshase (IPD ktpas/
www.ebiacul/ipdiindes himl).

Determination of patient-specific HLA-C
stability score

A stabdity score was determined foreach patient based on their
HLA-C genotype by mubliiplying the allotype stability scores
(determined by the AUC of the cormesponding allotypes). For
HLA-C alleles typed at the first-digit resolution, the stability score
of the mast frequent allotype was used.

For HLA-AC?14, the two most common allotypes (C¥14:202 and
C*14:03) have similar frequencies (35) and are clustered within the
ame subgroup, sccording to Shen et al (40) In this case, the
allotype stability score was determined by calculating the frequency-
weighted mean. Simdlarly, when a patient’s DNA was insu ficient for
second-digit genotyping, the frequency-weighted mean
was caleulated.

Finally, since alldle-specific PCR for HLA-C12 only identifies
ihse common subtype C7 12403 at the second-digit, fae stabiity seore
of the other most frequent €712 allotype (C12:02) was assigned
when (12 typing did not maeh C1208.

Statistical analysis

Statistical analyses were performed wsing GraphPad Prism
(vemion 10). Comparsons between independent patient groups
(LTNP v P; HAND- vi HAND+) were pedformed using the two-
tailed Mann-Whitney U test. A pvalue < 005 was considersd
statistically significant.
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Results

HLA-C allotypes exhibit different binding
stability with their specific peptides

The amalysis of the EL-score distibution revealed significant
variations in HLA-C binding stability. Indeed, allele C 05401
showed a strong binding for most peptides, while peptides
specifically binding allele CO704 presenied much lower binding
prediction values. The determimation of a stability score by
caleulating the AUC allowed a dear identification of different
stability values describing the binding of each allde to its own
peptide pool Accordingly, some alleles, such s HLA-CO7T04
CO7M and CO801, displayed weak binding interactions, while
others, such as HLA-C*0501, CO802 and C*14, exhibited strong
binding stability (Figure 1). Notably, we identified discrepancies
within allele subtypes that challenged previous dasifications of
stability. For example, HLA-C*07, previously considered an
unstable allele (37), showed subtype-dependent varability, with
CH7:02 demonstrating a greater stability score than C07401 and
CH07:04. Simdlarly, HLA-C*08, considered a stable allele, presented
a similar subtype variability, with C08:02 among the variants with
thse highest stability, but C*08:01 among teode with the lowest. The
considered HLA-C allotypes and the caleulated stabity scores are
reported in Table 1.

The HLA-C complex stability is determined
by the interactions with the peptide

Computational studies were performed o acquire stomistic
details on the interaction between HLA-Clpeptide and fum.
Analyses were pedformed afier selecting a group of HLA-C
varants for which the crydal structures were available in the
Protein Data Bank (wwworashogl We mndomly selected two 9-
mer peptides specific for each allotype tested. After accomplishing
MD simulations of the selected peptides in complex with the HLA-
C/fim heterodimer, the analyss of the MDD trajectories and the data
retrieved from the pairwise energy decomposition revealed that
there was a cear recurring pattern in flam's “hot spot” residues
involved in the interaction with HLA-C. In fact, the trend of the
residues mainly contributing and tseir energetic contributions’
valees were supenmpossble within the different allelic variants,
but also amongst the different peptides (Table 2). On average
(Figure 2 and Talle 2), our analysis revealed that a) fom-Trpdd
and -Trp61 give the main energetic contribution in each considersd
complex, since their energetic contribution’s valuees are always
among 4 and -12 keal/mol; b) fom-Phe?ée always stands in
second position, with values around -5/-6 keal/mok <) The [izm-
Tyr30 resdue is ancther key contributor to the intersction,
providing a consistent energetic contribution of around -4 to -5
keal/ mal scross all complexes.
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TABLE 2 Energetic contributions of fi; m residues to HLA-C complex stability.

Allotype Peptide ElL-score % Ranking fi2m residue AG [kcalimol]
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These data clearly indicate that flom maintaing an imadant
bind ing pattern with HLAAC heavy chain molecules, with consistent
binding affinity and interacting residues, regardless of the bound
peptide or HLA-C subtype.

Lower HLA-C stability scores are
associated with HIV-1 progression and
HN-1-related neurccognitive impairment

Peptide specificity is determined by interactions of peptide side
clsaing with six binding pockets in the HLA-C peptide-binding site
(41). Kangueane et al. (42) assigned common HLA-C alleles to 18
different sub-supertypes, with variants within the same sub-
supertype generally binding a highly dared set of peptides. It is
this possible to predict peptide binding of other members of a
supe type using expe imental resulis based on just one member of
the type (42). A more recent cdassification by Shen et al (40)
proposed three main subtypes for HLA-C (C7 includes vadous
CO7 alleles; C1 incdudes CH05, C*17 and most of C01 and C15%
2 includes C02 C06, C14, C*16). Because structural clustering
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g itk HILA-C o Tapill amed Pl The: soiddocs frased cosparalic contacts amnd cxbdated steler 40 vl

of the peptide-binding region correlates with binding specificity
{4, according to the supertype dassification by Shen et al, we
adopted typing at the second-digit level for structurally divergent
alleles belonging to different subtypes (fr instance CHO3402 to €2,
while C0303 and C0304 to C1) or to different subgroups within
C1 {003 and CH0HA01, o CHO801 and CH0802), C7 (CO701,
CO7A2 and COTAM) and C2 (C*12:02 and C‘lll.[i:lslﬂ],l-pﬁ. in
onderto diain a more precise identification of the specific allotype.
Based on these comsiderations, HLA-C typing made it pessible to
calculate a stability score related to each patient’s genotype and to
correlate this valse to different outcomes of HIV-1 infection. The
stabdity scores caleulated based on the HLA-C genotype of each
HIV-1 patient considered are shown in Table 3 and Table 4.

We found that Progressors (P) exhibited significantly lower
stabdity scores compared to Long Temn Non Progressors (LTNF)
(p =0.0143), supporting the hypothesis that unstable HLA-C alleles
are associated with more severe disease outeomes ( Figure 3A)

The examination of newrocognitive outcomes showed that
HAND-positive patients had a higher prevalence of umstable
alleles, with a statistically significant difference in stability scores
compared to HAND-negative patients (p = 0.0221) (Figure 3H).
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Discussion

We explored HLA-C stability by means of advanced
computational techniques and found that HLA-C stability
influenced HIV-1 progression and cognitive owtcomes. The
identification of alkle subtypes with diferent stability levels
dhaallenges traditional classifcations of HLA-C as simply “stable™
or "unstable,” highlighting the advantages of a more precise and
individualized approsch in sisessing HLA-C function. Moreover,
our fndings provide compelling evide noe that HLA-C stability may
contribute to shaping both immune responses and newnlogical
outoomes in HIV-1 inkcted individuals.

HLA-C function is related to its stability

HLA-Cstability is significamtly influe nced by genetic variations,
which can either enbance or redusce its functionality within the
immune response system (43, 44). HLA-C molecules exhibit
differential stability lnsed on genetic vadations in their promoter
regions, affecting their expression kevels and antigen presentation
efficiency. Some alleles, eg, HLA-C05, exhibit high stability and
remain on the cell surface for praonged suface expression, whensas
others, eg., HLA-C07, disply lower stability, impaining peptide
loading and presentation [9). These olservations are contistent with
previous Bndings showing that inefcient peptide binding
contributes to lower surface expression of HLA-C compared to
HLA-A and HLA-B (8], lkely due to its greater selectivity for
peptide binding (3).

NetMHCpan and MHCHurry have demonstrated increased
predictive accurcy in assessing binding afinities and stability of
peptide-HLA inemctions (19). Notably, peptide-MHC stability,
rather than binding afinity done, kas been identified as a better
predictor of T-cell immunogenicity (8). Additionally,
computational tools like NetMHCpan and mas spectrometry-
based ligand profiling kave significantly improved the prediction
and validation of HLA-C peptide-binding stability {19) These
methodologies may provide insights into how stability affects
immune function, disease progression, and thempeutic ouicomes.

Recent studies have shown that HLA-C expresiion varies widely
in an allele-specific manner, with kigher expresion levels exerting
greater selection pressure on HIV-1, leading to vires-mediated
downregulation of HLA-C (9). Certain single-nucleotide
pelymorphisms (SNPs) in the promoter and 3 untranshited
region (UTR) of HLA-C, such as s9264%2 (located in the 5
UTE of the HLA-C gene), kave been correlated with HIV viral load
and divease progression (45). Additionally, the 3¥UTR of HLA-Cisa
target for micmBNA regulation (mil-1483), which influences
HLA-C surface expression (14). This regulatory medsanism plays
a eruclal rele in determining antigen presemtation eBclency and
immune escape sirategies emploved by HIV-1

Our computational analysis supports evidence that HLA-C
alotypes differ in their abiity to bind and stabilize peptides,
inflsencing their expression levels on the cell sudface Structural
studies have demongrated that HLA-C'T hat a deeper and
narrower antigen-binding deft, while HLA-C*05 has a relatively
it peptide-binding groove, allowing it to bind a broader range of
peptides and remain more stably expressed on the cell membrane
(9). These findings align with owr stability analysis, which

Several experimental and computational methodologies have
been emploved to assess HLA-C peptide binding stability. Mass
spectrometry-based ligand elution atsrys have been wed to profile
maturally processed peptides, mvealing a preference for 9-mer
peptides in HLA-C binding (35, 36). Computational tools such as
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o trated that HLA-C'07404 is the most unstable allele, while
HLA-C05:01 exhibits the highest stability. Importanty, the
inefficient asocttion of certain HLA-C vartants with flom leads
te the secemulstion of midolled HLAC beavy chaing ferther

affecting antigen presentation efficiency (6, 15).
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TABLE 5 HLA-C stabiifty scores in HIWV-1 patisnts scoording o AlDS progression.

HLA-C genotype and stability scores
Sample code HIV-1progression Sex Age Stability score

1" allele  Score (1% 2™ allele Score ™)
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TABLE 5 Continued

HLA-C genotype and stability scores

Sample code HIV-lprogresson  Sex 1™allele  Score (1™ 2™ allele Score 2™) - =
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HLA-C genotype and stability scores

Smplecode HV-iprogesson — Sex Pollle Score (1 2™ allele Score@™) Yoo
PRTS P M -] 800 &0 - S045 3maTs
PRTE P F = -0l [ -3 i 5413 ATTE43
PRTT P M = i L X vl ] 315173
PRTE P F = 4 [~ % 3 T ST [k
PRTS P M k! iin | B5H b 045 [Eeikh
PRED P M n "3 [~ A=) 15 5739 Ixaly
PREL P F k- by L2 -8 5034 3814
PREZ P F n T 4.5 * il 5142 105138
PRE3 P M & el =10 T 5045 1BLTE
PR34 P F o T 4.5 "7 5518 IXAIT
V- | ] bl e shuswind it s vy Tiorss Wl P LTHF] o1 sagid {F) b2 AL wese gonct penal for FILA-C sl The 2 shiliey et corseignading
P —— buor i v 3 mad HLA C asabiliny e o eac: cany -] e asperanden tabon Pamentoode

gt % ¥
M oz F, femiel, HLAC sl and tiam armn pondany gabaisty somes, wnd S End closlwind a7 2asae we remstnd

Inn addition, we noted that some very unstable vadants, such a
CHO7 or CHOTAM, ane also the lowest exp ressed vardants, whersas
some mre stable variants, such as C0501 or CY14:02, are among
the most highly expressed alleles. While numerous factors
contribute to the regubition of HLA-C expresion levels, the
peptide-binding capacity of different HLA-C varianis is also
recognized as a key determinant infleencing their surface
expression (46). Therelore, it b plawsible that ineficient peptide
binding may contribute to the lower expression of certain HLA-C
variants on the cell membrane (9], suggeding a potential comrelation
between stability and expression levels

Our analysis improved the definition of the sabdity of HLA-C
allotypes, overcoming the previous binary chassifi cation, which was
oo simplistic and inaccurate. The in-depth characterization of
binding stability to peptides specific to the most commaon variants
in the human population was carried out using pools of
experimentally validated peptides known to bind to the main
allotypes (35). This approach enabled obtaining a "stability
coeficient™ for each of these HLA-C variants and thereby
quantified the overall stability profile of each HLA-typed
individual based on the combinstion of their specific allatype
stalility coefficients

HLA-C stability influences HIV-1 infection
progression

HLA-C stability plys a critical role in modulating defense
mechanisms against HIV-1. Unstable alleles may increase HIV-1
progression, seggesting that by influencing antigen presentation
efficiency, they may alier the ability of CDE+ T cells to recognize
and eliminate infected cells, in keeping with previows Bndings
indicating that HLA-C expression levels directly affect HIV-1
immune control (10). Additonally, in our previous studies (24,
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1

25) we reported that stable HLA-C alleles are associated with lower
viral boads and more efiective immune responses, supporting our
finding that unstable alleles contobute to a faster progression
o AIDS

To amess the correlation between stability metrics and
progresion of HIV-1 infection, we re-analyzed a populstion of
HIV-1 pesitive, treatment-naive subjects described and
characterized in our previous study (37). In the odginal analysis,
the different allotypes were binary divided into stable and unstable,
revealing a significant correlation between mpid progresion to
AIDS and the presence of unstable HLA-C variants. In the present
stidy, we refined the analysis by performing high-resolution typig
of the second digit for divergent subiypes and assessing a
quantitative stability coefficient based on their HLA-C allotype
combination. This enhanced approach confirmed and
strengihbened our earlier Aindings, showing a mbust and highly
significant correlation between aceelerated disease progression and
a higher burden of unstable HLA-C allotypes.

HLA-C stability impact on HIV-associated
neurocognitive outcomes

The association between unstable HLA-C alleles and HAND is
patticulady noteworthy. Previows studies have suggested that
unstshle HLA-C vardants may lead to increased levels of free flam,
contributing to peurcinflammation and neuronal damage (29).
Additionally, 2 recent study has specifically lnked HLA-C'7 to
HAND in HIV patients (31).

To test the clinical relevance of the specific stabiity coefficient
for each major HLA-C allotype on newrlogical outesmes in HIV-1
infection, we analyzed a population of HIV-positive subjects with
sulbjective report or objective evidence of cognitive impairment and
compared them 1o cognitively unimpaired ones. We observed a
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TABLE 4 HLA-C stability scores in HIV-1-infected patients wath and wethout neurocognities impadnmeent

HLA-C genotype and stability scores
Sample code Meurocognitive status  Sex Age Stability score

F'allele Score (1) 2™ allele Score [2™)

HI HANRTY M 41 "ol E187 e 5413 3500
H1 HANTY P 4£ 8- £S89 e Sm4s 3831Ty
H3 HANTY M 2] a2 SATE Il sLI2 290157
H4 HANTY M 55 - Lt el &T18 4I753 18
H= HANID 4 F 52 T Sm45 O AT 48937
H& HANID 4 M & “H-a E508 *ladl SLIZ 3740
HT HANID 4 M 40 i 5603 ORI 1974 18931
HE HANIY M &3 "ol [x¥ RO 974 13945
H% HANIY M 56 "0 &728 RO 974 200051
HIx HARIY 4 F 53 e 5403 1203 Sm34 1D55E
HIl HANRTY M 52 G B454 el %74 22314
HIZ HARIY 4 56 et E728 1203 Sm34 33688
HI HANRTY M 51 - pide ] el %74 B44T
HI4 HANRTY P &5 i 54T el %74 L0
HEE HANTY M 53 - b 1203 S04 L4711
HiE HANTY M &4 - b RO TRI4 233933
HIT HANTY - M 57 - i) s Sm4s 130033
HIE HANTY - M 3 - i) 5 5739 ITETE
HIF HANIF - F 54 T pLkrl "M FE05 LTI
HO HANIF - M 45 - T8 B 5739 3E110
H HANIY - M 31 - b 1203 S034 48711
HZ HANIY - P 53 "o v 1203 S034 288730
HB HANIY - M 39 8- E508 1203 S034 ITEE3
HM HANIY - P 56 "0 &728 e 5613 ITTEAI
HE HAKIY - M 4l et E728 1203 Sm34 33688
HX HAKIY - M 55 et E728 "okl &T18 4526 60
HE HANIY - P 56 G B454 1203 S04 4T0ES
HE HANIY - HA HA et &7 el %74 2000F1
HX HANIY - M &1 s B48d RO 1474 203104
H3 HANIY - P 5T - Sa4s 1203 S04 239EE
Hal HANTY M 47 - sa4s 5 5739 288533
H1 HANIF - M & b SETE B 5739 IETAE
H3 HANIF - M & i 5603 ORI 1974 18931
LE HANIF - M [+ “H-a E508 “OEA2 Sl45 3IM|iTy
H3 HANIF - M £ -0 TEM T 5518 4327230
H¥ HANIF - M &5 "ol (x5 "M FE05 485731
HIT HANIY - M &2 e 5603 1203 S034 1558
P
Franters in Immanadagy 12 frontiergn.ong
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TABLE 4 Continued

HLA-C genotype and stability scores

Sample code Meurccognitive status Sex Age okl So = = = Stability score
ore (17) 2™ allele Score (27)
H® HAND - a7 ol £aE “arol 2974 15545
H¥ HAMID - M 54 2 SET &2 TAI4 44658
H40 HAND - F &4 el T2 “0R02 5045 33428
H4l HAND - M ] ] -] 6 EE 377643
He2 HAND - M 46 g 5045 M FE05 3IBWET
H4 HAMID - M &4 ] T “E 5613 377643
H# HAND - F 54 05 EFE) 1601 5LI2 43702
HeS HAND - M ] 5 a4 “aral 2974 232304
He HAMD - M 54 ol 19T oRAL 5045 130038
H4T HAMID - M 55 “H0 E5I06 M TE05 AB00F
H4 HAND - M 54 06 5&13 6 5613 35058
Ha HAND - M 47 el T3 "R 5045 33428
H3 HAND - M & ] -] 6 EE 377643
H5l HAND - M 51 L ] 1203 s034 ITEEI
H3 HAMID - M &4 ] -] 041 E723 ASIEED
H3 HAND M &3 g E5105 1203 5034 AmEEI
HE HAND M 47 ] -] "5 244 S04
HE HAND M 43 00 1B “1&01 sLI2 343533
H¥ HANI M 45 L] 19T 5 5739 IMETE
HE HAND - M 53 el T2 “0r01 2974 200081

HIV- mmfoctiod smie eleais pacveonitny {HA T -postor, HANTH] om mot preweniong (HANTL mgatre, HANTH] mosrono et e pamment wioe ot yped o HLASC alldin For euc pasont,
bty e of cac i wm el tgiad e clten e Bral HLASC stalaisty sare Al soma closlaied sy @ wg e amoeges are aposiod m faba Patemt aede, e (M, =da

femmlis: WA, mot arvasibicl, HLAC alficen snad Shosir sempctive atabdlty acas, and e foal culoduied ataalaty scoas me mepeorted

significantly higher presence of unstable HLA-C variants in
HAND-positive subjects than in HAND-negative ones, further
confirming our preliminary observation on a small case series
(29). Our findings confirm this association, suggesting that HLA-
Cinstability may exacerbate neumcognitive decline by promaoting
chronle immune activation and newrcinflam matory processes
Extensive sclentific evidence supports the notion that genetic
determinants of immune function are ertical in shaping disease
outoomes in HIV-1. In particular, previous stedies have emphasized
the role of HLA alleles in HIV-1 replication and progression (7, 140,
24, 25). Our findings extend this knowledge by highlighting the
relevance of HLA-C allele stability at a more granular level The
association between HLA-C stability and neurccognitive disorders
alse aigns with research on fiym in neursdegeneration (29),
providing a potential molecular framework for future
investigations into HIV-associsted neemcognitive impairment.

Fronters in mmunaogy

HLA-C stability: towards a precision
medicine approach

A major advantage of this refined stability analysis is die alility
to caleulate a pemonalized HLA-C stability score for each patient.
By integrating computational stability asesments, such a EL-
scores and AUC -derived stability coefficients, with patient-specific
genetic data, it is possible to develop a predictive muodel that can
belp stratify patients based on their risk of mpid disease progression
or newrocegnitive complications. This approach aligns with the
broader movement toward personalized medicine, where
treatments and monitoring strategies are tailored to an
individual's genetic profile. From a clinical perspective, the alility
to predict disease progression based on HLA-C stability could lead
o more targeted interventions. For instance, patients identified a
having unsable HLA-C variants could be prioritized for early

finontiersin.org
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P=00142
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an © 2000+ ela ]
Gla e o
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10401+
1000
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L T T T T
LTHF P HAND - HAND +
GuRE 3
Assocaton of patient HLA-C stabiity scores with HIV -1 progression and HIV-1-relaied neurcoognitive mpairment. (8 HV-1 patients who
expesence rapd disexe progressan (Progmssors, P, n=47) exhibit lower stability soones than hase with siower progression iLong Tesm Mon
Progressors, LTHE. n=57) {B) HIV -1 patients presentng neurccogritive impanment {HAN D+, n=186) fave bower stability scores than cognitvely
nonmal patients (HAND -, n=dl) Shticical analpoes weme perfonmed 1sing the hwo-tilsd Mann-Wiiiney U test: p < 0008 wes consdened shticsoally
sgnificant

intervention srategies, indueding more intensive monitorng, earlier
initiation of antiretroviral therapy, or adjunctive therapies targeting
immune modubtion. Furthermore, understanding the link between
HLA-C instability and HAND could open new therapeutic avenues,
such a4 early interventions targeting neunsinflammatory pathwaye
The wse of HLA-C genotyping could improve persomalized
treatment strategies, identifying individuals at kigher risk of rapid
disease progression or HAND.

The stwdy of HLA-C peptide binding stability i critical for
understanding immune regulation and its implications in infectious
diseases, cancer, and awtoimmunity. Advances in computational
modelling and experimental methodologies provide valuable
insights into the structural and functional aspects of HLA-C
stability. Future msearch should focus on refining predictive
models, defining dinically relevant stability thresholds and
explonng therapeutic interventions aimed at enhancing HLA-C-
mediated immune miponies

The main limitation of the study was the inability to perfom
maore precise typing st the second digit for several biological
samples diue to insuficient DNA for testing This reduced the
accuracy of the data obtained, necessitating the wse of a
Frequency-weighted average of sabiity scores in some cases

Fronters in immanaogy

Conclusions

HLA-C pliys a crocial and multifsceted role in HIV-1 inkction,
influencing immune recognition, disease progression, and
neurscognitive outcomes, Degpite its lower surfice expression
compared to HLA-A and HLA-B, HLA-C contributes
significantly to both adaptive and innate immune responses
Advances in g ic and i logical mesearch continue to
reveal the complex interactions between HLA-C and HIV-1,
providing valuable insights imto potential therapeutic and vaccine
strategies. By wiing an innovative cutting-edge bioinformatic
pipeline, we demonstrated that reduced HLA-C stability is
associated with faster HIV-1 disease progression and a higher
prevalence of HIV-asociated neurscognitive disorders. (verall,
the fndings from this stedy emphasize that HLA-C stability
analysis should become an integral part of HIV-1 disease
management and reseanch. Future studies should focus on
refining predictive models for personalized stability scoring,
validating thewe fnding in lager, independent coborts, to eady
identify those at greater risk of progression or developing
newrocognitive symptoms and intervens early with the most
approprate treatment approaches o improve patient outoomes.
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ABSTRACT

The emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has underscored the urgent need for
novel antiviral strategics. One of the primary targets of interest is the SARS-CoV-2 main protease (Mpro), which plays a crucial
role in viral replication. Building on our prior work involving machine learning (ML)-based virtual screening for potential Mpro
inhibitors, we sought to experimentally validate top-ranked candidates. Microscale thermophoresis (MST) was used to assess
the binding affinity, leading to the identification of three promising hits from a library of 180 compounds. Notably, one
compound demonstrated high-affinity binding to SARS-CoV-2 Mpro (K, = 2.8 + 0.9 uM). However, enzymatic assays revealed
that none of the hit compounds inhibited the activity of the protease, suggesting 2 non-competitive binding. Docking and
maolecular dynamics (MD) simulations allowed to identify an accessory site in which the compounds exhibited stable inter-
actions. These findings suggest that the identified compounds may serve as a starting point for the rational design of
degradation-inducing strategies, such as proteolysis-targeting chimeras (PROTACS), targeting SARS-CoV-2 Mpro, and highlight
the value of integrating ML-driven discovery with biophysical and computational validation in antiviral drug development.

1 | Introduction inhibitors with clinical potential [4]. In 2022, the FDA approved
the combination of ritonavir (an anti-HIV drug) and nirma-
trelvir (alzo known as PF-07321332) with the commercial name
Paxlovid (Pfizer Inc., New York, NY, USA), for treating severe
COVID-19, underscoring the importance of incorporating Mpro
inhibitors into the therapeutic arsenal against the virus [3, 6].

The global coronavirus disease 2019 (COVID-19) outbreak has
intensified the demand for potent antiviral agents [1]. A key
enzyme in the severe acute respiratory syndrome coronavirus 2
{SARS-CoV-2) replication process is represented by main pro-
tease (Mpro), also known as 3CL protease, which gained con-

siderable attention as a drug target [2]. Its therapeutic relevance
is reinforced by its high sequence conservation across
B-coronaviruses and its lack of close homologs in the human
proteome, minimizing the potential off-target side effects [3].
Additionally, given its cssential role in the viral life cycle, Mpro
has become a central focus for the development of selective

SARS-CoV-2 Mpro is a homodimeric cysteine protease resem-
bling chymotrypsin, featuring a non-standard catalytic dyad
comprising Cys145 and His4l [2]. This dyad forms crucial
hydrogen bonds with & water molecule necessary for hydro-
lyzing the amide bond of substrates [7]. SARS-CoV-2 Mpro,
along with the SARS-CoV-2 papain-like protease (PLpro), plays
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a pivotal role in processing viral polyproteins, acting during the
initial phases of viral replication within host cells [8]. Inhibiting
one or both enzymes represents a promising therapeutic
approach to impede the proliferation of SARS-CoV-2 within
infected cells. The literature documents a variety of compounds
containing diverse warheads, demonstrating either non-
covalent or covalent activity against SARS-CoV-2 Mpro
{Figure 1) [12].

Covalent inhibitors exert their inhibitory effects on SARS-CoV-2
Mpro by establishing covalent bonds with specific nucleophilic
residues in the catalytic site, notably the cysteine residue at
position 145 (Cys145) [13]. On the other hand, non-covalent
inhibitors competitively bind to the catalytic site through classi-
cal hydrogen bonds, electrostatic, and non-polar interactions. To
date, nirmatrelvir remains the only approved peptide-based
therapeutic for COVID-19 that exerts its antiviral effect through
covalent inhibition of the SARS-CoV-2 Mpro [14]. Conversely,
most non-covalent Mpro inhibitors are still in the carly stages of
development [15-17). For example, compound 47 (CCF9EL,
Figure 1E) exhibited an 1Cs; of 68 nM against SARS-CoV-2 Mpmo

)23

A

(2]

and demonstrated ECs; values of 0050 and 0.56pM in virus-
infected VeroE6 cells, measured by cytopathic cffect (CPE)
inhibition and plague reduction assays, respectively. Similarly,
compound 51 (GC-14, Figure 1B), a 1.2 4-trisubstituted pipera-
zine optimized through structure-based design, showed a sig-
nificant antiviral activity in vitro, with an ECs of about 1.1 uM in
assays using infected cells and an ICg of about 040 M against
Mpro [9-11]. Therefore, there is a pressing need to intensify
rescarch efforts toward the development of non-covalent inhibi-
tors. These compounds show potential for addressing the chal-
lenges linked to peptide drugs, providing better pharmacological
features like lower immunogenicity and increased stability [18].

Considering a previous study in which a support vector
machine (SVM)-based machine learning (ML) model was de-
veloped to identify potential SARS-CoV-2 Mpro inhibitors [19],
this work presents the next phase of our drug discovery pipe-
line, focusing on biophysical validation of the computational
predictions. The SVM classifier was trained to distinguish active
from inactive compounds based on physicochemical properties
rather than structural similarity, offering an advantage in
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FIGURE1 | Cowvalent and mon-covalent imhibitors of the SARS-CoW-2 Mpro. (A} The covalent mmhibitor nirmatrelvir (also known as PF-
07321332). (B} Non-covalent inhibitors: compound 47 (CCFed1) dertved from optimization of lead 42 (ML300), and hit compound 23 (MCULE-
50487700400, selected as lead compounds in the rational design of highly potent and selective SARS-CoV-2 Mpro inhibitors 51 (GC-14) [-11].
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scenarios where mechanistic understanding is limited [19]. In
the field of drug design, SVM has proven effective in various
drug design applications, including predicting drug metabolism,
identifying P-glycoprotein substrates, and evaluating blood-
brain barrier permeability [20]. After extensive model optimi-
zation and cross-validation, 180 top-ranked commercially
available compounds were selected and experimentally tested
through microscale thermophoresis (MST)L Despite exhibiting
promising binding profiles in those biophysical assays, the most
promising compounds failed to inhibit enzymatic activity,
leading to the hypothesis that their binding does not occur in
the active site of SARS-CoV-2 Mpro.

Consequently, in this study, we mport on the computational
studics aimed at the identification of the accessory site of SARS-
CoV-2 Mpro in which the selected compounds exhibit stable in-
teractions. Specifically, using a combination of pocket detection
algorithms, molecular docking studies, and molecular dynamics
(MD) simulations, we identified a pocket that has received limited
attention in the literature, further suggesting its potential as a target
for antiviral drug development In fact, while most therapeutic
efforts have focused on targeting the catalytic site of SARS-CoV-2
Mpro, accessory sites represent promising targets for designing
alternative antiviral drugs with potentially lower resistance risk
[21]. Depending on their position, the external sites may influence
the catalytic activity of the enzyme, in which case they are referred
to as “allosteric sites.” In contrast, when the scoessory sites do not
alter enzymatic activity, they can serve as strategic anchoring
paints  for designing molecular glues such as  PROMeolysis-
TArgeting Chimeras (PROTACs). PROTACs represent a nowvel
class of promising drugs inducing the selective degradation of
disease-gssociated proteins, with significant applications in differ-
ent ficlds. PROTACSs are heterobifunctional molecules that simul-
tancously bind a target protein and an E3 ubiquitin ligase,
facilitating the formation of & temary complex [22, 23] The E3
ligase itself is in complex with an activated ubiquitin-loaded E2
ecnzyme, and this close association facilitates the (poly)
ubiguitination of the target protein, marking it for degradation by
the 268 proteasome [24]. In particular, they consist of a “warhead”
group that binds to a target protein and an "anchor” group that
binds to the substrate-binding domain of an E3 ubiguitin ligase,
connected by a more or less flexible linker [23, 25).

Several studies have reported the development of PROTACs
targeting the SARS-CoV-2 Mpro. Notably, Alugubelli and co-
workers designed PROTAC degraders derived from previously
characterized reversible covalent SARS-CoV-2 Mpro inhibitors
(MPIE and MPI29), conjugated to a CRBN E3 ligase anchor,
which reported to reduce Mpro levels in human cells through a
CRBN-dependent, proteasome-mediated mechanism [26-28].
Among these, MPD2 demonstrated potent degradation of Mpro
in both 293T cells and SARS-CoV-2-infected AS49-ACE2 cells,
exhibiting antiviral activity across multiple wiral strains,
including nirmatrelvir-resistant variants, with an ECs; of
approximately  492nM  [27]. In  addition, a series of
indomethacin-based PROTACs recruiting either VHL or CREN
E3 ligases were developed, showing broad-spectrum antiviral
effects, with enhanced antiviral activity compared with indo-
methacin alone, achicving low micromelar to nanomolar ECsg
values [29].

Collectively, these findings establish that PROTACs can be
rationally designed to selectively degrade SARS-CoV-2 Mpro,

offering a promising therapeutic strategy that may overcome
challenges such as drug resistance and toxicity associated with
conventional inhibitors. In fact, unlike conventional orthosteric
ligands that function by occupying the active site to block
activity, PROTACs act through a catalytic mechanism, clim-
inating the protein entirely. This catalytic mechanism allows
PROTACs to exert their effects at lower concentrations com-
pared with traditional inhibitors, which often require higher
systemic exposure for therapeutic efficacy [30, 31].

2 | Results and Discussion

2.1 | Selection of the SARS-CoV-2 Mpro
Inhibitors

In a previous study, published by some of us, an ML-based
virtual screening model was developed to identify novel SARS-
CoV-2 Mpro inhibitors [19]. The model architecture employed a
supervised classification framework using an SVM with a radial
basis function kernel [32] and was trained on the PostEra
COVID-19 Moonshot dataset, an open-access collection of small
molecules annotated with experimentally measured [Cx; values
[33]. In this work, the trained model (see Section 4 for details)
was employed to perform a virtual screening of a commercial
compound library comprising approximately two million small
molecules obtained from different vendors such as MolPort,
Asinex, and ChEMEL. Out of 200 compounds predicted as
potential Mpro inhibitors, 180 were selected for experimental
validation using MST due to their commercial availability.

2.2 | Biophysical Experiments

Following an experimental protocol previously reported by us
[34, 35], MST experiments were conducted to estimate the K,
values of the 180 compounds selected from the SVM-based
virtual screening model against the SARS-CoV-2 Mpro, guan-
tifving interactions between the designed ligands and the pro-
tein binding site [19]. This biophysical technique allows for the
analysis and measurement of molecular interactions between
two entitics under solution equilibrium conditions, aveiding the
need for the sample immobilization which could potentially
interfere with binding, as in the case of surface plasmon reso-
nance method [26]. Initially, binding check experiments were
accomplished using a ligand fixed concentration of 50 uM (sce
Section 4 for details). This initial step was designed to deter-
mine which small molecules are capable of binding to the
SARS-CoV-2 Mpro protein at the tested concentration, Out of
the 180 compounds screened, 17 showed positive results in the
binding assay and were chosen for further analysis of their
binding affinitics. The chemical structures of the 17 compounds
are provided in the Supporting Information 51 Table S1. To
obtain a complete Ky curve, a fived concentration of labeled
SARS-CoV-2 Mpro enzyme was mixed with 16 1:1 serial dilu-
tions of the compounds, ranging in concentration from 250 pM
to 7.6 nM (see Section 4 for details). Three out of the 17 tested
compounds (7, 8, and 9) displayed a clear Ka curve in two
independent replicas. In the remaining cases, & significant
number of outlier points prevented the computation of the
complete affinity curve making impossible to cstimate the Ky
value for those compounds. Among the compounds showing
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clear Ky curves, the compound 7 showed the highest affinity for
SARS-CoV-2 Mpro cnzyme displaying a Ky of 2.8 +0.9uM,
followed by 8 (Ky =23.9 + 7.4 pM), and 9 (K, =39.0 = 23.4 uM)
as detailed in Table 1 and shown in Figure 2. The summary
table of the MST assays experimental conditions performed, and
the detailed MST Ky curve of each compound are available in
the Supporting Information 51: Table 52 and Figure 31,
respectively. In the case of compound 7, the first three con-
centration points (corresponding to 250, 125, and 62.5uM,
respectively) were excluded by fitting, since they seem to be part
of another binding curve observed in the high micromolar
range, probably due to its nonspecific binding on the SARS-
CoV-2 Mpro protein (Supporting Information 51: Figure S2).

2.3 | Enzymatic Assays

The three compounds identified as binders in the MST assay
were tested for their inhibitory properties against SARS-CoV-2
Mpro at a 20pM concentration (see Section 4 for details).
However, none of the compounds caused a significant reduc-
tion in the cnzyme’s activity (Table 2 and Supporting Infor-
mation 51: Figure 53).

These results supgest that, at the tested concentration, the
compounds likely do not bind within the active site as orthos-
teric or allosteric ligands. Consequently, to investigate alterna-
tive binding sites, we conducted further computational studies,
including the identification of protein accessory sites, molecular
docking calculations, and MD simulations,

2.4 | Accessory Sites Identification

The SiteMap tool, available in Maestro software (Schrisdinger
LLC, New York, NY, USA), was used to identify potential
binding sites on the crystal structure of the target enzyme (PDB
accession code: 6W63), which were ranked based on their “Si-
teScore” wvalues (Table 3). Notably, the SARS-CoV-2 Mpro
structure comprises three domains: Domains [ (residues §-101)

and II (residues 102-184) consist of antiparallel B-barrel struc-
tures and serve as catalytic domains, while Domain 11T {residucs
201-303) comprises five a-helices and is responsible for enzyme
dimerization (Figure 2A) [2].

SiteMap identified a total of five potential binding sites and cor-
rectly recognized the active site as a promising binding region.
However, this was not mnked as the most favorsble site (Table 30
On the other hand, two sites (Site]l and Site2) were found to be
adjacent to each other and located at the interface between
Domain 11 and Domain 111, on the opposite side of the active site
(Figure 1B). These two sites showed SiteScore values slightly
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TABLE 2 | Residual activity of compounds screened against SARS-
CoV-2 Mpro at 20 uM In enzymatic assay.

Compound 1D Residual activity (%) Error
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higher (Sitel) or comparable (Site2) to that of the active site
{Table 3). Site? and Sited (Table 3), located within Domain 1T and
Domain 1, respectively, showed considerably low SiteScore val-
ues and were found to be very small and shallow, lacking well-
defined pockets (Supporting Information S1: Figure S4). Thus,
they were excluded from the following docking phase. Conse-
quently, Sitel and Site2 were selected for molecular docking
calculations.

It was interesting to note that these sites were also investigated
by Giinther and co-workers, whose employed X-ray crystallog-
raphy to screen over 5000 compounds, either approved drugs or
those in clinical trials, identifying 37 compounds tarpeting
SARS-CoV-2 Mpro, primarily at the active site, but also
revealing two additional binding sites [37]. Specifically, Sitel in
our study was targeted by only a single compound, AT7519 (a
CDE inhibitor) [38], for which the crystal structure has also
been published (PDB accession code 7AGA) [37]. Howewver,
AT7519 displayed weak antiviral activity (ECgy = 25.2 pM), and
its inhibitory cffect on SARS-CoV-2 Mpro cnzymatic activity
was not experimentally evaluated [29]. The absence of these
data prevents determining whether this site can be classified as
an allosteric pocket. Indeed, Samrat and colleagues reported on
the identification of three niclosamide derivatives as potent
non-competitive inhibitors of SARS-CoV-2 Mpro, with 1Cs
values comparable to that of the known covalent inhibitor bo-
ceprevir, thereby suggesting a potential allosteric mechanism of
inhibition [40, 41]. Through computational studies, including
molecular docking and MD simulations, the authors provided
an evidence that the binding site of these compounds could be
the same site targeted by the compound AT7519 [37, 41).

TABLE 3 | Potential binding sites identified by SiteMap. along with
thelr SiteScore, size, and volume values.

Binding site  SiteScore  Size (A%)  Volume (A%
Sitel a3 T4 183
Active Site [IX:3% 46 129
Site2 030 51 159
Hited .56 32 il
Sited .51 16 i)

2.5 | Docking and MD Simulations

The residues defining the Sitel and Site2 pockets (see Section 4
for details) were selected to construct the receptor grid, ensur-
ing that the bounding box fully encompassed the spatial volume
of both binding sites, thereby capturing all relevant interactions
for subsequent docking simulations. Subsequently, molecular
docking calculations were conducted for the three ligands tar-
geting the SARS-CoV-2 Mpro using the Extra Precision (XP)
mode of the Glide module implemented in the Maestro software
suite (Release 2025-1, Schrisdinger LLC, New York, NY, USA)
[42]. Interestingly, the obtained docking scores are in agree-
ment with the experimental binding affinitics determined by
MST, providing a supporting evidence that the identified allo-
steric pocket may represent the actual binding site of these
compounds. Specifically, compound 7 exhibited the most
favorable docking score of -3.440 keal/mol, consistent with its
highest binding affinity, while compounds 8 and 9 showed
lower scores of -3.279 and -2.026 keal/mol, respectively. For
each compound, the top-ranked binding pose was subjected to
three independent 500 ns MD simulations using the Desmond
module integrated within the Maestro software suite (Release
2025-1, Schrisdinger LLC, New York, NY, USA), with the goal of
evaluating the stability and binding mode of the ligands
over the simulation time within the identified allosteric site
(see Section 4 for details)L

The MD simulations revealed that all three ligands remained
stably bound within the identified allosteric site of SARS-CoV-2
Mpro throughout the entire simulation period (Supporting
Information 51: Figure 55). Notably, compound 7 exhibited the
most significant rearrangement from its initial docking pose, as
indicated by the highest RMSD peaks before stabilizing into a
conformation that maintained persistent interactions with key
residues of the allosteric site (Supporting Information 51:
Figure 55,

To derive a reliable computational model of the ligand/Mpro
complexes, we conducted a cluster analysis of the 1.5ps MD
simulations. The representative structures from the most popu-
lated clusters for compounds 7, 8, and 9 are shown in Figure 4. For
compound 7, which represents about the 49% of the conforma-
tional ensemble explored, the interaction network with SARS-
CoV-2 Mpro is predominantly characterized by a m-7 stacking
interaction with Phe294, along with scveral hydrophobic contacts

FIGURE3 | General overview of Mpro structure. Representation (A} of the three structural domains of SARS-CoV-2 Mpro (Domain [0 green,
Domain 1I: crange, Domain [11: cyan) and of (B) the tao allosteric sites (Sitel and S1te2), located at the interface between Domain [1 and Domain 11,

identified with SteMap.
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FIGURE4 | BRinding modes of selected compounds. Representative structure from the most populated cluster of (A) compound 7 (green sticks),
(B} compound & (light red sticks), and (C) compound @ (light blue sticks) in complex with SARS-CoV-2z Mpmo (white cartoon) after 500ns of MD
simulation. Hydrophobic, H-bond. and m-x interactions are represented as green, yellow, and cyan dashed lines, respectively. (D) Crystal strocture of
AT7515 (dark gray sticks) in complex with SARS-CoV-2 Mpro (white carioon), with PDE accession code 7AGA.

involving surrmunding nonpolar residues that form a hydrophobic
pocket (Me249, Pro252, Leu2S3, Pro293, Phe294, and Val297),
which collectively contribute to the stabilization of the entire lig-
and within the allosteric binding pocket (Figure 4A). The repre-
sentative structure of compound 8, which constitutes the 64.8% of
the sampled conformational ensemble, predominantly exhibits
hydrophobic interactions, although fewer than those observed for
compound 7. Motably, it forms interactions with Phe294
{including a =—n stacking interaction), [le200, Val202, and 1lc249.
Additionally, a hydrogen bond with Glnl07 is observed
{Figure 4B). This limited interaction profile may account for the
lower binding affinity experimentally determined by MST
{Figure 2). Compound 9, representing about the 86% of the sam-
pled conformational ensemble, forms two hydrogen bonds with
the backbone amine of Phe294 and the carboxyl group of Prol0®
and an important hydrophobic interaction network, including a
- stacking interaction with Phe294 (Figure 4D). Unexpectedly,
despite these interactions, it shows the lowest binding affinity
among the three compounds based on MST data (Table 1)

The binding modes of the compounds were compared with the
crystallographic pose of AT7519 (Figure 4D). Supcrimposition
of the complexes (Supporting Information §1: Figure S56)
revealed that none of our compounds induce a significant
conformational change in the apo profein via interaction with
Aspl53, unlike what is observed for AT7519 [27]. This inter-
action is critical since the conformational change induced by
AT7519 facilitates the formation of strong interactions between
Aspl52 and Arg29E, including H-bonds and salt bridges and it is
important to note that Arg298 is essential for dimerization
[37. 43]. In particular, its replacement with Ala residue shifts
the spatial arrangement between the dimerization and catalytic

domains, thereby altering the oxyanion hole and weakening the
51 pocket through perturbations of the N-terminal structure
[42]. This difference may explain why compounds 7, 8, and 9
may have no cffect on the catalytic activity of SARS-CoV-2
Mpro at the tested concentration of 20uM (Table 2). However,
it is also noteworthy that AT7519 exhibits only low antiviral
activity against SARS-CoV-2 replication in Vero E6 cells, with
an ECs; of 2516 pM, sugpesting that the binding site for
AT7519 {and likely our compounds as well) may have limited
influence on the enzyme's physiological function.

The generation of these computational binding models enabled
a decper understanding of the molecular regions of the com-
pounds most involved in the interactions with SARS-CoV-2
Mpro, as well as those predominantly solvent-exposed. This
insight is crucial for guiding the strategic addition of functional
moictics necded for the design of potential PROTACS.

2.6 | Rational Design of Protacs

Here, we propose the design of potential warheads for PROTAC
development targeting SARS-CoV-2 Mpro, based on the com-
pounds we have identified that exhibit a binding affinity to the
target protein in the micromolar range, as shown by MST ex-
periments (Table 1). The proposed warheads were rationalized
based on their favorable binding modes observed after three
independent replicas of 500 ns-long MD simulations (Figure 4),
and considering the synthetic feasibility. This latter point was
verified through the retrosynthesis tool implemented into CAS
SciFinder {Columbus, OH, USA) Based on the chemical struc-
tures of the compounds, classical click-type reactions to generate
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the corresponding PROTACS can be accomplished, primarily via
the Sonogashira cross-coupling and, in the case of compound 8,
also through the Huisgen cycloaddition. Both the Sonogashira
cross-coupling of terminal alkynes with aryl iodides, bromides, or
chlorides (not preferable, as it operates under more forcing
conditions), and the Huisgen cycloaddition between an azide and
an alkyne are widely used for the introduction of alkynyl or 1,2,3-
triazole linkers, respectively, in the assembly of PROTACs
[44, 45]). Given the significantly higher affinity observed for
compound 7, as well as its better synthetic feasibility, this mol-
ecule is undoubtedly the most promising among the three o
serve as a starting point for PROTAC design (Table 4). Therefore,
compound 7 is described in detail here (Figure 5), while the
characterization of the other compounds are described in a
dedicated section of the Supporting Information, and represented
in Supporting Information S1: Figures S7-510.

The analysis of the compound 7 binding mode within the
accessory pocket reveals that the free meta-position of the

dimethyl-benzene group is the most favorably oriented for linker
attachment (Figure 4A), as it is predominantly solvent-exposed.
Hence, we recommend its substitution with iodides or bromides
in the rational design of @ PROTAC applying the Sonogashira
cross-coupling reaction (Table 4). The retrosynthetic approach
suggested that bromine is the preferred halogen substituent, with
an estimated yicld of 49% and an cstimated cost of $44 per 100 g,
versus a 20% estimated yield and a cost of $72 per 100 g for iodine.
In particular, the commercially available 3.4-dimethylbenzoic
acid was first brominated to yield 3-bromo-4.5-dimethylbenzoic
acid. This intermediate was then amidated with commercially
available 1,3-propanediamine to produce N+{3-aminopropyl)-
3-bromo-4,5-dimethylbenzamide. Subsequently, a second amida-
tion with commercially available picolinic acid afforded N43-(3-
bromo-4,5-dimethylbenzamido)propyl Jpicolinamide  (Table  4),
which represents the final compound to be used as substrate for
the subsequent Sonogashira cross-coupling reaction to synthesize
the PROTAC. The retrosynthesis scheme is reported in Figure 5.

TABLE 4 | Proposed optimal linker postion for mtonal design of potential FROTACs targeting SARS-CoV-2 Mpro based on the compound 7,

indicated by red “R” labels.

Compound 7
Original structure Intermediate relevant to PROTAC synthesis
[#] o] (o] o}
PN M R P M
N T NN T
- -
R=I,Br
Estimated Yield: 49%  Owerall Price: $43.91
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FIGURES | Retrosynthetic analysis of compound 7 intermediate relevant to PROTAC synthests. The black cart indicates that the product 15

commercially avatlable and the number of vendors. The blue reaction symbol indicates that the reaction has been already published in termture,

while the green one indicates that the reaction s possible, although do not already accomplished using the specific reagents. The scheme was

generated through the “retrosynthesis tool™ avallable on CAS-SciFinder web platform.
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2 | Conclusions

The integrated computational and biophysical approaches em-
ployed in this study demonsirated a promising strategy for the
discovery of small-moleculs binders tarpeting SARS-CoV-2
Mpro, with potential application in the rational design of
innovative targeted protein degradation therapeutics, such as
PROTACS:. In particular, using an SVM-based virtual screening,
we prioritized 180 candidate binders covering & huge chemical
space, comprising approximately two million compounds
retrieved form MolPort, Asinex, and ChEMEL database. The
subsequent validation, using MST, identified three promising
hits with binding affinities in the low micromolar range, with
compound 7 exhibiting a Ka value of 2.8 + 0.9 pM. The lack of
enzymatic inhibition at the tested concentration of 20pM
strongly suggested a non-competitive binding mode, prompting
us to investigate the possibility of alternative interaction sites on
the protein surface. Further computational analyses revealed
consistent and energetically favorable interactions within an
accessory pocket, spatially distinct from the catalytic site.
Finally. we proposed the structure of next-generation PROTACs
directed against SARS-CoV-2 Mpro based on the scaffolds of the
compounds here disclosed. This strategy not only expands the
chemical space for antiviral drug development but also holds
potential for improved safety profiles by reducing off-target ef-
fects and associated toxicitics typically observed with conven-
tional inhibitors,

4 | Materials and Methods
4.1 | SVM Model

The model was trained on the PostEa COVID-19 Moonshot
dataset, an open-access collection of small molecules first
released in March 2020, in which cach compound is annotated
with an experimentally measured I1Cs; [33]. All compounds were
imported as SMILES and converted into 3D molecular structures
using RDEKit (www.rdkit.org/docs/api-docs.html). This pre-
processing included the addition of explicit hydmgens and the
generation of low-cnergy conformers using the ETKDG algo-
rithm [46). We then computed 1444 one- and two-dimensional
descriptors with PaDEL-Descriptor, capturing topological indi-
ces, clectronic features, atomic-property  distributions, and
physicochemical parameters [47]. Given the high dimensionality
of the descriptor space relative to the number of compounds, and
to prevent overfitting during model training, we implemented a
feature selection strategy. This approach combined random forest
{RF) importance ranking with recursive feature elimination and
fivefold cross-validation (RF-RFE-CV), using the scikit-leam
library [48-50]. Through this process, we identified seven
descriptors with the highest predictive wvalue: AATSA and
ATEC7m (2D autocorrelation descriptors encoding the spatial
distribution of atomic properties such as mass and polarizability),
VEI_DzZ (a Barysz matrix descriptor capturing electronic and
topological information), three Burden-modified eigenvalues
{SpMax2 Bhm, SpMax] Bhv, and SpMox? Bhv), and Crippen-
LogP, which estimates lipophilicity. Owverll, the selected
descriptors reflect molecular features essential for ligand-target
interactions, such as shape complementarity, electrostatic prop-
erties, and hydrophobicity. The reduced descriptor set was finally
used to train the final SVM model. Hyperparameters were

optimized via grid search using sckit-learn's GridSearchCV,
resulting in the selection of €=10 and y=1.0. The model
demonstrated strong generalization performance, achieving 88%
classification accuracy and 75% precision on an independent test
set. In this context, © controls the trade-off between maximizing
the margin and minimizing classification errors, while y defines
the influence of individual data points on the decision boundary.
Carcful optimization of these parameters was essential to avoid

overfitting given the limited dataset size, and to ensure robust
generalization of the model.

4.2 | MST Experiments

The binding of small molecules to the SARS-CoWV-2 Mpro enzyme
was assessed  using  the Monolith NT.115  instrument
(ManoTemper Technologics GmbH, Munich, Germany). Recom-
binant His-tagged SARS-CoV-2 Mpro (GeneTex, Irvine, CA, USA)
was fluorescently labeled using the His-Tag Labeling Kit RED-
tris-NTA 2nd Generation (MO-LO1S, NanoTemper Technologics
GmbH, Munich, Germany) for 30 min at room temperature. A
fixed concentration of red-labeled SARS-CoV-2 Mpro (35 nM) was
mixed with cach of 180 small molecules at a fived concentration
(50 uM) to perform a binding check, using the “Expert Mode” of
the MO. Control v1.6 software. The f-amido boronic acid com-
pound 3ea was included as a positive control [35]. The binding
was determined by monitoring compound  concentration-
dependent changes in the normalized fworescence (Fnorm), fo-
cusing on the 2.5-second time point in all binding assays. A
response amplitude (RA), defined as the Fnorm difference
between the ligand-bound and unbound states of SARS-CoV-2
Mpro, was considered indicative of binding when RA = 1.5, The
compounds that tested positive in the binding check assay un-
derwent further assessment through the binding affinity experi-
ment on the SARS-CoV-2 Mpro enzyme to generate a complete
Ky curve. Initially, the protein was labeled wsing the same pro-
tocol, and then a fixed concentration of labeled SARS-CoV-2
Mpro (35 oM) was mixed with 16 1:1 seral dilutions of small
muolecules, ranging in concentration from 250pM to 7.6mM.
Throughout both binding check and binding affinity MST ex-
periments, the enzyme and ligands were incubated for 15-50min
at room temperature, employing a medivm MST power (40% ) and
an excitation power of 809, at 25°C, and using standard capillaries
(ManoTemper Technologies CmbH, Miinchen, Germany). Both
interacting species were dissolved in PBS-T buffer (phosphate-
buffered saline 4+ 0005% Twoen 20) from NanoTemper Technol-
ogics (GmbH, Miinchen, Germany) and 2.5% dimethy] sulfoxide
(DMS0) for molecular biology (Froduct No. D#418; Sigma-
Aldrich, Saint Louis, USA). The Monolith software MO, Affinity
Analysis v23 was used to generate the full analysis report,
while the fizures were generated using GraphPad Prism software
v&.0.2 (GraphPad, Boston, USA)

4.3 | Protein Expression and Purification of
SARS-CoV-2 Mpro

The protein was expressed and purified as described previously
|51]. Briefly, the pE-SUMO vector (Kindly provided by Prof Dr.
Harald Schwalbe, University of Frankfurt), encoding the SARS-
CoV-2 Mpro protein with a hexahistidine (Hisg) tag attached to

& of 12

Archiv der Pharmazie, 2025

199

i e L g (O (e O R L, PR A R (0 e ey i i g e GO RIS

R SRR i s A [ e e A S B 0BG L,



a small ubiquitin-like modifier (SUMO) tag at the N-terminus,
was transformed into competent Escherichia coli (E. coli) BL21
Gold (DE3) cells (Agilent Technologies, Santa Clara, CA, USA).
The cells were cultured at 37°C with shaking at 160 rpm in
Luriza Broth (LB) medium supplemented with 100 pg/mL
ampicillin. Overexpression was induced by adding 0.2 mM
isopropyl-B-p-thiogalactopyranosid (IPTG), and the culture was
incubated overnight at 18°C. The cells were then harvested by
centrifugation at 4700 rpm for 1h at 4°C. The resulting pellet
was resuspended in 100 mL of lysis buffer (50 mM NaPi pH 7.5,
300 mM NaCl, SmM imidazole, 3% (v/v) glycerol, 10mM j-
ME), which was supplemented with RNase, DNase, and lyso-
zyme. The suspension was sonicated for 10 cycles of 30 s at 60%
power on ice, with 10-5 pauses between cach pulse. To remove
insoluble material, the lysate was centrifuged at 20,000 rpm for
1 h at £4°C.

The protein purification was carried out using an AKTA start
protein purification system (GE Healthcare, Chicago, IL, USA).
The supernatant was loaded onto a HisTrap HP 5 mL column
{Cytiva Europe GmbH, Freiburg im Breisgau, Germany), which
was pre-equilibrated with the lysis buffer. The column was
washed with five column volumes (CV) of the same buffer.
Elution was achieved by applying a lincar gradient of elution
buffer (50 mM NaPi(pH 7.5), 200 mM NaCl, 500 mM imidazole,
5% (vi'v) glycerol, 10 mM E-ME). To exchange the elution buffer,
the solution was passed through an Amicon Ultra-15 Centrif-
ugal filter (Millipore, Billerica, MA, USA) with a 10 kDa cutoff,
replacing it with Ulp-1 cleavage buffer (30 mM NaPi pH 7.0,
I0mM NaCl, 10mM B-ME. 5% (v/v) glycerol). For tag
removal, 250 units of Hisg-tagged Ulp-1 protease (Sigma-
Aldrich. 5t Louis, MO, USA) were added, and the reaction
proceeded overnight at 4°C. The mixture was loaded onto a
HisTrap HP 5mL column, collecting the fAow-through to
remove the Ulp-1 protease and the tags. Lastly, the protein
underwent size exclusion chromatography (SEC) on a HiLoad
16,600 Superdex 75 pg column (Cytiva Europe GmbH, Freiburg
im Breisgau, Germany), pre-equilibrated with SEC buffer
(25 mM NaPi pH 7.5, 150 mM NaCl, 2 mM DTT) Afterward, the
protease was exchanged into 10% (v/v) glycerol, aliquoted, flash
frozen in liquid nitrogen, and stored at -80°C until further use.

44 | Enzymatic Assays

Inhibitory activitics of the compounds agzinst SARS-CoV-2
Mpro were determined as described previously by cleavage of a
fluorescence resonance energy transfer (FRET) peptide sub-
strate (Dabeyl-KTSAVLQSGFREKME-Edans), purchased from
Genescript (New Jersey, USA) [52].

Fluorescence measurements were carried out in white flat-
bottom 96-well plates (Greiner Bio-One, Kremsmiinster, Upper
Austria) using a Tecan Spark 10M plate reader (Tecan Group
Led., Minnedorf, Switzerland). Each well contained a final
volume of 200pl, consisting of 180pL assay buffer (20mM
TRIS-HCl pH 7.5, 20mM NaCl, 0.1 mM EDTA, 1 mM DTT),
S5ul. enzyme solution (final concentration 75nM), 10uL
inhibitor in DMSO (final concentration 20 pM) or pure DMS0
as a negative control, and 3pL substrate solution in DMSO
(final concentration 25pM). The reaction was monitored for
10 min at 25°C, with fluorescence readings taken at 30-s

intervals. The substrate was excited at 335 nm, and fluorescence
emission was recorded at 493nm. The remaining enzymatic
activity was determined by comparing the substrate hydrolysis
rate in reaction mixtures containing the inhibitors to that of the
DMS0 control. Only the first 5 min of the fluorescence curves
(Supporting Information §1: Figure 53) were used for the cal-
culation to obtain the lincar part.

4.5 | Computational Studies

The SARS-CoV-2 Mpro crystal structure used in this study was
retrieved from the Protein Data Bank (PDE accession code:
6Wi3), in which the protein is bound to a potent broad-
spectrum non-covalent inhibitor (namely, X77) [53]. Protein
structure refinement was carried out using the *Protein Prepa-
ration Wizard™ tool of Maestro software suite (Release 2025-1,
Schridinger LLC, New York, NY, USA) The protocol included:
(i) addition of hydrogen atoms and reconstruction of any
missing side chains; (i) optimization of hydrogen-bonding
networks: and (i) restrained energy minimization of all atoms
to a maximum RMSD value of 0.2 A, applying the OPLS4 force
field. Co-crystallized ligands were removed before preparation.
Binding site prediction was performed using the “SiteMap™ tool
of Maestro software suite (Release 2025-1. Schridinger LLC,
MNew York, NY, USA), considering all protein atoms and em-
ploying default parameters. Compounds 7, 8, and 9 were
manually designed and prepared using the “LigPrep” tool of
Macstro software suite (Release 2025-1, Schridinger LLC, New
York, NY, USA), applying the OPLS4 force field and Epik
Classic for ionization state prediction at a pH of 7+ 2 The
docking grid was generated based on the residues defining the
Sitel and Site2 pockets, namely Glnl07. Prol08, Glnllo,
Asnl5l, Aspl33, Tyrl54, Val202, Asn203, Glu2dd, His246,
e249, Thr292, Phed®d, Asp205, and Arg208. The dimensions of
the bounding box were set to encompass both binding sites.
Docking calculations were performed using the “Glide™ tool
available in Maestro software suite (Release 2025-1, Schridinger
LLC, New York, NY, USA) with the XP mode enabled. The
number of poses to generate per ligand was set to 500, and the
energy threshold for rejecting minimized poses was set to
0.5 keal/mol. The reliability of the docking calculations was
assessed by performing a self-docking calculation of AT7519
compound, in which the top-ranked binding pose was com-
pared with its crystallographic conformation (PDB 1D: TAGA
[27]). yielding an excellent agreement with an RMSD of 2.16 A
(Supporting Information 51: Figure 511). The three best dock-
ing poses of cach compound were carcfully examined to assess
potential differences in binding modes, and the EMSD of the
ligands were calculated after alipning the protein backbone
atoms (Supporting Information S1: Figure 512). Since cach
compound essentially exhibited a single predominant binding
pose, only the top-ranked pose of each compound/Mpro com-
plex was immersed in an orthorhombic box of TIPAP water
molecules using the “Spstem Builder™ tool in Maestro software
suite (Release 2025-1, Schridinger LLC, New York, NY. USA),
with box boundaries set to 10 A from the protein surface. Sys-
tem neutrality was achieved by adding the appropriate number
of counterions. Following solvation and energy minimization,
each system underwent to three independent 500 ns MD sim-
ulations using the “Desmond” algorithm implemented in the
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Macstro software suite (Release 2025-1, Schridinger LLC, New
York, MY, USA) under constant conditions of 300 K and 1 atm.
The protein/ligand stability (Cax RMSD plots) throughout the
simulation was evaluated using the “Simulation Interactions
Diggram” tool available in Maestro software suite (Release
2025-1. Schridinger LLC, New York, NY, USA) Conforma-
tional clustering of ligand structures obtzined from MD simu-
lations was carried out using the GROMOS algorithm by Daura
et al. [54], as implemented in the GROMACS software package
{version 2024.3) [55]. Several clustering trials were conducted to
determine an optimal RMSD cutoff, enabling clear discrimina-
tion among ligand conformations while reducing the prevalence
of isolated (singleton) clusters (Supporting Information 51:
Table 53}
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