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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 (RNAi) 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. 
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Table 1: List of approved Nucleic acid drugs 

RNA type Drug name(s) Target profile 
Chemical 

modification 

and carrier 
Year approved Reference 

ASO 

Fomivirsen (Vitravene, 

ISIS 2922) 

Eye, cytomegalovirus (CMV) 

retinitis: Bind and degrade UL123 

mRNA and inhibit CMV protein IE2 

2′-H 

1998, FDA, EMA 

6 

Withdrawn 2002 

Mipomersen 

(Kynamro™, ISIS 

301012) 

Liver, homozygous familial 

hypercholesterolemia, binds and 

degrades ApoB-100 mRNA 

Gapmers, 2′-

MOE 
2013 7 

Nusinersen(Spinraza, 

ISIS 396443) 

CNS, spinal muscular atrophy: splice 

the pre-mRNA of SMN2 
2′-MOE 2016 8 

Eteplirsen (Exondys 51, 

AVI-4658) 

Muscles, Duchenne muscular 

dystrophy: Splice exon 52 of DMD 
2′-MOE, PMO 2016 9 

Inotersen (Tegsedi, 

ISIS 420915) 

Liver, familial amyloid 

polyneuropathy: Inhibit translation of 

TTR mRNA translation 

2′-MOE, 2018 10 

Milasen 

CNS, Mila Makovec’s CLN7 gene is 

associated with Batten disease: Splice 

the CLN7 mRNA 

– 

2018, Approved 

for personalized 

use 
3 

Golodirsen (Vyondys 

53™, SRP-4053) 

Muscles, Duchenne muscular 

dystrophy: Splice exon 53 of DMD 
2′-MOE, PMO 2019 11 

Viltolarsen (Viltepso, 

NS-065, NCNP-01) 

Muscles, Duchenne muscular 

dystrophy: Splice exon 53 of DMD 
2′-MOE, PMO 2020 12 

Casimersen (SRP-4045, 

Amondys 45™) 

Muscles, Duchenne muscular 

dystrophy: Splice exon 45 of DMD 
PMO 2021 13 

Eplontersen (Wainua) 

Muscles, polyneuropathy of 

hereditary transthyretin-mediated 

amyloidosis 

GalNAc-

conjugated 
2023 14 

siRNA 

Patisiran (Onpattro, 

ALN-TTR02, 

ONPATTRO™) 

Liver, polyneuropathy: Inhibit 

translation of TTR mRNA translation 

PS, 2′-O-Me, 2′- 

F, LNP 
2018 15 

Givosiran (Givlaari, 

ALN-AS1) 

Liver, acute hepatic porphyria: 

Targeting ALAS1 mRNA and 

downregulation 

PS, 2′-O-Me, 2′- 

F, GalNAc 
2019 16 
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Lumasiran (OXLUMO, 

ALNGO1) 

Liver, primary hyperoxaluria type 1: 

Targeting HAO1 mRNA and 

downregulation of glycolate oxidase 

PS, 2′-O-Me, 2′- 

F, GalNAc 
2020 17 

Inclisiran (LEQVIO, 

ALN-PCSSC) 

Liver, atherosclerotic cardiovascular 

disease: Targeting PCSK9 mRNA 

PS, 2′-O-Me, 2′- 

F, GalNAc 
2021 18 

Vutrisiran (ALN-

TTRSC02) 
Liver, hATTR treatment, TTR mRNA 

PS, 2′-O-Me, 2′- 

F, GalNAc 
2022 18 

Nedosiran 

(RIVFLOZA) 
Primary hyperoxaluria 

PS, 2′-O-Me, 2′- 

F, GalNAc 
2023 19 

Aptamers 

Pegaptanib (Macugen) 

Eye, macular degeneration: Binding 

with the hairpin loop of VEGF165 

and subsequent inactivation 

Pegylated, all 

PO, 

2004 20 
2′-F, and 2′-

OMe; 

G and A 

methylated 

Izervay (avacincaptad 

pegol) 

Eye, complement C5 inhibitor to treat 

geographic atrophy (GA) 

PEGylated 

oligonucleotide 
2023 21 

mRNA 

BNT162b2 
Immune system, COVID-19 vaccine: 

SARS-CoV-2 S antigens’ expression 

Nucleosides-

modified, 

2020 22 
Lipid 

nanoparticle-

formulated 

mRNA-1273 
Immune system, COVID-19 vaccine: 

SARS-CoV-2 S antigens’ expression 

Lipid 

nanoparticle-

formulated 

2020 23 

CRISPR-Cas9 

Casgevy 

(exagamglogene 

autotemcel) 

Blood, editing of CD34+ HSPCs 

using CRISPR-Cas9 
– 2023 24 
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1.1 Classification of RNA-Based Therapeutics 

 

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]. 
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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].  
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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 I–

II 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 1a, cystic fibrosis, Ornithine transcarbamylase 

deficiency, Phenylketonuria, Propionic acidemia, Hypercholesterolemia, Refractory 

hyperlipidemia, and α-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 (RNAi) 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]. 
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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].  
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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 20–24 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]. 

 



 

10 
 

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 (lncRNAs) are good targets and tools in gene therapy, and they have 

vast potential as drug candidate models [122]. lncRNAs are usually longer than 200 

nucleotides with important roles in several cellular processes, modulating complex genetic 

networks and genetic regulation [122]. Specifically, lncRNAs 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 

lncRNAs 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]. 

lncRNAs are involved in numerous diseases. In fact, recent studies have shown that targeting 

specific oncogenic lncRNAs can inhibit tumor growth and metastasis in preclinical models 

[30]. Working on the restoration of lost or downregulated lncRNAs 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 H1-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 H1 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 RNA 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].  



 

20 
 

 

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 RNA-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 (m⁵U), N1-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 α-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. 
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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 (AI) 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 AI, 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]. 

 

Figure 4: Workflow of SBDD and LBDD [356] 

 

 

 

 

 

 



 

29 
 

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. 

• 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. 

• 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,  

c) 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], DOCK6 [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.  

 

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 ∆Gbind [466]. The relationship between 

the binding free energy and the equilibrium dissociation constant Kd is described by the 

logarithmic formula:  

ΔGbind = RT ln Kd 

 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 ∆Gbind value is associated with a more stable complex and a higher binding 

affinity, corresponding to a smaller equilibrium dissociation constant (Kd). The binding free 

energy relies on two forces:  

ΔGbind = ΔH − TΔS 

∆H: Enthalpy 

T: Absolute temperature in Kelvin 

∆S: Entropy 

The enthalpy (∆H) 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 ∆S 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 

(∆G) 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 ∆Gs, and 

they require a high computational cost [487]. The convergence of the ∆Gs 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
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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. 

 

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 ΔS calculation is performed on conformational snapshots 

gathered from MD simulations. However, this calculation has a high computational cost, and 

in fact, changes in ΔS are usually ignored when only the relative binding free energies of 

similar ligands are needed.  

To obtain good results in the calculation of the ΔG, 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 ΔG 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 ΔG 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 ΔG calculation costs much less 

computational time, but it ignores the dynamic components, determining predictions that are 

mainly dependent on the starting structures [466]. 

 

 

 

 

 



 

43 
 

With MM/PBSA and MM/GBSA methods, the ΔG 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 ΔS is 

usually computed by normal-mode analysis (NMA), and it can determine mistakes in the 

overall ΔG calculation and is usually very time-consuming [562-573]. Because of that, when 

structurally similar molecules are under analysis, and their conformational ΔS values are 

similar, this ΔS is ignored, and only the relative ΔG values of those ligands are calculated, 

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

Furthermore, the estimation of ΔG 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]. 

 

 

 

 



 

44 
 

2.5 Artificial Intelligence and Drug Discovery 

Artificial intelligence (AI) is a machine that relies on computers to learn from a huge amount 

of data, defined as training datasets.  AI 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 AI methods 

to predict biological activities and toxicities of drug molecules [576]. Moreover, AI 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]. 

 

Figure 7: Application of AI 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 AI model is 

trained using large and high-quality data to improve their performance and overall accuracy. 

Thanks to this information, the AI 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, AI 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 AI 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 AI 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 AI 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).  

 

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) 

 

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. 

 

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. 

 

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 

 

Figure 12: Illustration of a standard GAN algorithm 
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DNNs 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, AI 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 (mAtg8) are 

divided into two subfamilies: GABA-A receptor-associated protein (GABARAP) and 

microtubule-associated protein 1 light chain 3 (MAP1LC3), also known as LC3. The 

GABARAP subfamily consists of GABARAP, GARAPL1, and GABARAPL2, while the 

LC3 subfamily includes LC3A (LC3Aα and LC3Aβ as splicing variants), LC3B, LC3B2, 

and LC3C [611]. Each LC3/GABARAP family protein is characterized by 2 N-terminal α-

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.  
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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-I 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/CALCOCO2), BCL2/ adenovirus E1B 19-kDa interacting protein 3-like (NIX/ 

BNIP3L), optineurin (OPTN), and WD repeat and FYVE 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 II 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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Figure 13. Roles of LC3/GABARAP family proteins in autophagy-related processes. A: nucleation phase 

is carried out by 2 protein complexes: the ULK1 and beclin-1 complex. The phagophore can engulf content 

either selectively or nonselectively. B: The selectivity in cargo tethering to the phagophore is established by 

the LC3/GABARAP family members. C: Elongation needs the delivery of membrane components (orange) 

to the growing phagophore (purple). D: Phagophore closure generates a closed double-membraned vesicle. E: 

Fusion of the autophagosome with a lysosome is necessary for cargo degradation.  F: Role of GABARAP 

family proteins in receptor trafficking [619]. 

 

 

 

 

 



 

55 
 

3.1 Autophagy/LC3B 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 PRMT1 is one of the main LMD substrates. 

PRMT1 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 AI 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 Å 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 (ΔG, kcal/mol) and standard error of the mean (SEM) were 

calculated using the MM/GBSA method in AMBER24. 

Sequence Avg ΔG ± SEM 
(kcal/mol) 

RNA 

AAUAAA ─36.1 ± 0.8 
AACAAA ─38.5 ± 0.8 
AAGAAA ─33.2 ± 0.9 
AAAAAA ─48.7 ± 0.9 

PMO 

AAUAAA ─12.7 ± 0.9 
AACAAA ─19.1 ± 0.4 
AAGAAA ─18.9 ± 1.6 
AAAAAA ─25.2 ± 1.3 
AATAAA ─17.1 ± 1.4 

PNA 

AAUAAA ─21.9 ± 0.3 
AACAAA ─46.0 ± 0.3 
AAGAAA ─29.3 ± 0.2 
AAAAAA ─13.4 ± 0.3 
AATAAA ─58.0 ± 0.5 

 

 

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). 

 

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 AI 

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 ∆G values reported in Table 4.  

Table 4. Average ΔG 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. 
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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. 

• Hybrid: BCUT and WHIM 

• 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,  

• 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 

• Electronic: Atomic Polarizabilities, Bond Polarizabilities, Charged Partial Surface 

Areas, Hydrogen Bond Acceptors, Hydrogen Bond Donors 

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

Petitjean Shape Indices 

These data were used to develop the active learning (AL) AI 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 AI model accuracy and precision. Specifically, we performed three rounds of iteration to 

improve the quality of the AI 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 ∆G ± SEM (kcal/mol) 
1 UAGGAG ─21.0 ± 0.3 

2 TGGGGG ─44.8 ± 0.3 

3 CAGGAG ─22.3 ± 0.3 
4 AAGGGG ─14.1 ± 0.3 

5 AAGGAG ─26.9 ± 0.3 

6 UGGGGG ─37.4 ± 0.3 

7 TGGAGG ─25.2 ± 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 ─22.3 ± 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 ─23.4 ± 0.4 

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 Avg ∆G ± SEM 

(kcal/mol) Rank Sequence 
Avg ∆G ± SEM 

(kcal/mol) 

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 ± 0.4 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 ─47.3 ± 0.3 40 GAGAAA ─41.7 ± 0.4 

16 AAAGGA ─44.7 ± 0.3 41 CGGGAA ─39.8 ± 0.3 

17 CACAAG ─41.4 ± 0.3 42 UCGAAG ─50.0 ± 0.4 

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 ─44.3 ± 0.3 45 GGGGGC ─45.0 ± 0.4 

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 ─44.4 ± 0.4 

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 Avg ∆G ± SEM 

(kcal/mol) Rank Sequence 
Avg ∆G ± SEM 

(kcal/mol) 
1 TGGCGG ─42.6 ± 0.3 26 CGGAGC ─41.7 ± 0.3 
2 UGGCGG ─49.9 ± 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 ± 0.4 
6 CCAGGG ─51.4 ± 0.3 31 TGGGGU ─51.3 ± 0.3 
7 UGGGCG ─57.9 ± 0.4 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 ± 0.4 
16 GGGGAG ─55.5 ± 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 ± 0.4 
19 UGACGG ─57.3 ± 0.4 44 CGGUGA ─36.5 ± 0.3 
20 TGACGG ─52.0 ± 0.3 45 AGGGAC ─45.2 ± 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 ─47.2 ± 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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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 AI model was progressively tuned to 

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

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

Sequence Avg ∆G ± SEM (kcal/mol) 

GGGGGA ─62.9 ± 0.4 

UGGCGA ─60.3 ± 0.4 

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 Kd 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 ~10⁻¹¹ to 10⁻³ M), while the y-axis displays the normalized 

fluorescence (FNorm) in ‰ 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. 

 

Figure 22: A) Cell viability of PNT2 cells treated with increasing concentrations (0.5–5 µM) of control or 

PNA AATAAA. B) Cell viability assay performed on PC3 cells treated with PNA AATAAA (0.1 nM–1 

µM), with a considerable effect at 1 µM. C) Western blot analysis of LC3-I/LC3-II and LC3-II/LC3-I ratios 

after treatment with PNA AATAAA (1 µM) and/or rapamycin (100 nM); tubulin was used as a control. D) 

PRMT1/tubulin ratios after treatment with PNA (1 µM), 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 AI 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 HMGB1 Inhibitors  

High mobility group box 1 (HMGB1) 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]. HMGB1 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], HMGB1 can bind several proteins, and these interactions are important for HMGB1’s 

activity and function [692]. 

To play these functions, the human HMGB1, 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 HMGB1 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 HMGB1 are structurally similar to a characteristic DNA-binding 

domain consisting of 3 alpha helices (helix I, helix II, and helix III) 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 HMGB1 Localizations 

HMGB1 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]. HMGB1 can translocate from the 

nucleus to the cytoplasm after post-translational modifications, including acetylation, 

phosphorylation, and methylation [687].  HMGB1 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, H2O2, and oncogenes). The loss of 

HMGB1 or increased HMGB1 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 HMGB1 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: HMGB1 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 HMGB1 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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HMGB1 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 HMGB1 by immune 

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

HMGB1 induces the release of cytokines and chemokines from immune cells, mainly caused 

by ligand-receptor interactions. In monocytes and neutrophils, HMGB1 induces the 

secretion of several pro-inflammatory cytokines, such as IL1-β, TNF-α, and IL-6 [713].    

In addition, extracellular HMGB1 can exert chemotactic effects and support the upregulation 

of vascular adhesion molecules, thereby impairing the epithelium barrier function [721]. 

Hence, extracellular HMGB1 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 HMGB1 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-HMGB1) [724]. ds-HMGB1 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: HMGB1 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 HMGB1 Inflammation and Diseases 

HMGB1 dysregulation has been implicated in several pathologies, particularly autoimmune 

diseases and inflammation. Specifically, HMGB1 is found associated with hepatic infectious 

diseases [728], severe pulmonary inflammatory diseases, including COVID-19 [729]. 

Additionally, HMGB1 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, HMGB1 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), HMGB1 can be passively released from damaged pancreatic cells and 

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

HMGB1 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 HMGB1 in Cancer 

HMGB1 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].  

HMGB1 plays a protective role in tumor suppression, tumor chemoradiotherapy, and 

immunotherapy. The loss of HMGB1 results in genome instability, autophagy deficiency, 

and increased apoptosis, leading to tumorigenesis [748].  

In this scenario, HMGB1 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-1β, IL-6, 

and TNF-α in a HMGB1-dependent manner, improving colon cancer progression [749]. 

Furthermore, extracellular HMGB1 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 HMGB1 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 HMGB1, 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-κB family 

members, can enhance their oncogenic activities through direct interaction with HMGB1 

[753, 754].  Lastly, HMGB1 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]. 

HMGB1 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 HMGB1 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 HMGB1 in Cancers 

Numerous therapeutic strategies have been proposed to target HMGB1 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 HMGB1 

receptors and signaling pathways, and cell-based therapies [727]. Hereinafter, a list of the 

available therapeutics described in the literature to target HMGB1 in a cancer environment: 

The antibody Cetuximab [757] induces HMGB1 release, specifically described for head and 

neck cancer. PKHB1 is a Thrombospondin-1 peptide mimic designed to induce HMGB1’s 

release, mainly for breast cancer [758]. Meanwhile, RAGE antagonist peptide (RAP) 

competes with HMGB1 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 HMGB1 for several different cancer types 

[760-763]. Additionally, several RNA-based drugs are also in development to target 

HMGB1 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 HMGB1, 

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 HMGB1 release targeting melanoma, breast, lung, 

pancreatic cancers, and many more (Figure 25). 
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Figure 25: Examples of small molecule antagonists of HMGB1: 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 HMGB1 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 HMGB1. 

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 HMGB1 

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 HMGB1 (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: HMGB1 (red ribbons) in complex with dsDNA (green) inside the 10Å 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 HMGB1. Finally, 

the Prime module [850] of Maestro was employed to calculate the ligand ΔG 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 dsDNA 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 (ΔG) of isolated A Box-DNA complexes

 

 



 

82 
 

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 HMGB1-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 

 

As shown in Table 10, complex B, bearing the 5‘filament, acquired a ∆G (─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. 
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Figure 31: ATAG sequence (green licorice) in complex with A Box of HMGB1 (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 β amino acids, reported in literature by Contini et al [851] 

and herein defined as Mβaa (Figure 32), replaced the natural ssDNA.  

 

Figure 32. XNA backbones used in this study. A) DNA B) RNA C) PNA D) SNA E) PMO F) Mβaa 

Using the appropriate Maestro tools and applying MD simulations and the MM/GBSA 

protocol, our calculations revealed that the Mβaa backbone performed slightly better than 

other backbones (average ∆G = ─86.5 ± 8.6 kcal/mol). 
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Table 12: Comparative binding free energy of natural and XNAs backbones. 

 

In fact, as can be observed in Table 12, the lowest ligand binding free energy was obtained 

with the Mβaa backbone, making it a new starting point for the sequence optimization 

process. To this aim, 32 randomly generated Mβaa 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 Mβaa sequences 
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Before proceeding with the synthesis, the Mβaa’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-terminus modifications with Acetyl 

and Carboxylate groups on Mβaa backbone GAGG sequence. 

Sequence N-term C-term 
Avg ΔG ± SEM 

(kcal/mol) 

GAGG (ref) -NH
2 -CONH

2 ─127.5 ± 5.8  

GAGG -NHAc -CONH
2 ─76.3 ± 5.3 

GAGG -NH
2 -COOH ─129.8 ± 4.6 

GAGG (opt) -NHAc -COOH ─134.8 ± 5.4 
 

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 HMGB1, 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 HMGB1. 

Specifically, the 7 kcal/mol ∆G improvement was driven by a new interaction between the 

C-terminus and the guanidinium group of Arg5 residue of HMGB1, 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 Mβaa Backbone Modification 

In the last step of this study, we evaluated the effect of further backbone optimization of the 

Mβaa, which contained glycine residues (Figure 34). Nevertheless, the synthetic procedure 

allows the use of multiple amino acids, obtaining Mβaas with heavy chains. The presence of 

amino acid side chains can influence the conformational mobility of the resulting Mβaa, 

offering also the possibility of adding functional groups that can create new interactions with 

the biological target.   

 

 

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

alanine residues can be used to connect individual monomers. B) The Mβaa monomer unit [851] 
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The GAGG-opt Mβaa 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 Mβaa 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 Mβaa GAGG sequence.

 

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 ∆G value (─149.3 ± 6.3) (Figure 

36).  

 

Figure 36: The Mβaa 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). 
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The structural basis for the 15 kcal/mol improvement in the estimated binding affinity of 

Mβaa 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-Tyr11 OH group and is further reinforced by a π–π stacking interaction.  

The effectiveness of the applied structural optimization was further confirmed by comparing 

the RMSD profiles of the two lead Mβaa candidates with the DNA ATAG sequence (Mβaa 

GAGG opt, and Mβaa GAGG opt Tyr2). The improvement observed in ligand stability, 

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

 

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 Mβaa, 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 Mβaa considered in this study. 
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4.6 Biophysical Experiments 

 

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 Mβaa GAGG prot 

with Tyr in position 2. The x-axis reports the ligand concentration on a logarithmic scale (from ~10⁻9 to 10⁻2 

M), while the y-axis displays the normalized fluorescence (FNorm) in ‰ 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 Mβaa 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 Kd value of 26.9 ± 1.36 µM, 

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 Mβaa 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 HMGB1 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 ∆G values. Ultimately, this sequence optimization analysis 

highlights how specific nucleobases deeply impact ligand dynamics and their interaction 

profiles with HMGB1, 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 (SIVcpz; 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-O), 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 104) [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].  
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5.1 HIV Morphology  

 
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]. 

 
 

 

 

 

 



 

93 
 

5.2 Replication Cycle and Role of GP120 

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 (CCR5) [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]. 

 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8876946/#B44-toxins-14-00138
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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. 

(I) Nucleoside reverse transcriptase inhibitors (NRTIs): inhibit provirus synthesis by 

causing chain termination during DNA strand elongation or by directly inhibiting 

RT activity [899]. 

(II) Non-nucleoside reverse transcriptase inhibitors (NNRTIs): they bind to a specific 

site of RT, causing a structural change that stops its functions [900]. 

(III) Integrase inhibitors (INSTIs): prevent the insertion and integration of the 

synthesized provirus into the host cell genome [901]. 

(IV) Protease inhibitors (PIs): block the cleavage of precursor proteins to interrupt the 

assembly and maturation phases [902]. 

(V) Fusion inhibitors (FIs): block the entry of HIV by gp41-TM fusion peptide 

binding [903].  

(VI) CCR5 receptor antagonists: block the CCR5 co-receptor of CD4+ T cells, 

avoiding the initialization of the gp41-TM-mediated membrane fusion [904].  

(VII) Attachment inhibitors (AIs): prevent retroviral entry by blocking HIV gp120-SU 

[905, 906].  

(VIII) Post-attachment inhibitors (pAIs): prevent HIV entry by blocking HIV gp120-

CD4 receptor 

(IX) 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. 

(X) Pharmacokinetic Enhancers/Boosters: inhibit the enzymes CYP3A4 responsible 

for the metabolism of other ART drugs, leading to their increased concentration 

for a longer period.  

(XI) 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] 

 
 

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 Ψ [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 bNAbs 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. bNAbs 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.  

 

 



 

100 
 

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 

 

 
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 HD5 (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] 

 

 

 

Figure 43: The graph illustrates the HIV inhibitory effects of four different aptamers (HD2–HD5) at 

concentrations between 10 and 55 µM. Remarkably, all tested aptamers displayed their best inhibitory effect 

at the lowest concentration of 10 µM, with HD4 (80.1%) and HD5 (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.  



 

102 
 

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): 

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

• Apt 1, 2, and 3 were selected to compare different sequences of the same length (40 

nucleotides) 

• Apt 4 was chosen to evaluate a short aptamer 

• Apt 5 was selected to evaluate the shortest aptamer achievable  

 

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

 
 

 

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).  

 

 

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 

 

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

blue, the RNA backbone 
 

 

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). 

 

 

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 HD5 to form Short HD5 
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Table 19: Sequence specifications, lengths, and backbone composition of the HD4 and HD5 DNA aptamer 

variants.

 

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.  

 

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’OMe 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 Å beyond the solute in all directions, plus 

neutralizing counterions (Na⁺ or Cl⁻) 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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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 

 

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 CHARMM36m 

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 ∆G values were decomposed into 

the: i) 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 Å for general contacts, a donor–

acceptor distance cutoff of 2.5 Å 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 

Arg153, all residues part of or located near the CD4 BD. Additionally, numerous asparagine 

residues and their linked glycans (Asn129, 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 ∆G 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.  

 

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 ∆G), 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 

∆G 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 

∆G 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 ∆G 

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 ΔG values (kcal/mol) of all aptamers analyzed in this study. Aptamers are ordered from 

weakest to strongest binding affinity (less negative to more negative ΔG). ΔG values are described with their 

related standard deviations (error bars). Aptamers are color-coded by backbone (DNA, RNA, 2’F RNA, 

2’OMe 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-HD5 (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 ∆G 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 ΔG (─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 ∆G 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 
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Two other key parameters were analyzed to evaluate the aptamers' behavior in MD-

MM/PBSA calculations:  

1. Efficiency: ∆G normalized per nucleotide (∆G /length) 

2. Specificity: the fraction of the total ∆G 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 ∆G /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 ∆G, 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.   

 

Figure 52: Normalized binding free energies (∆G/length) for all aptamers analyzed in this study. The bars are 

ordered from weaker to stronger binding affinity (less negative to more negative ΔG). ΔG values are 

described with their related standard deviations (error bars). Aptamers are color-coded by backbone (DNA, 

RNA, 2’F RNA, 2’OMe 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 ∆G collected by considering 

only the CD4-BD, CD4 exhibited the highest value, accounting for 25% of the overall ∆G, 

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. 

 

Figure 53: Aptamers ∆G 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 G (Figure 53). Despite their similar binding 

efficiencies, the lead aptamers HD4/DNA and HD2/2’OMe-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 ∆G 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’OMe 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 

Author Contribution: Dr. M. Albani contributed to gathering the patent-related 

information and to preparing the original draft.  
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Appendix 2  

Title: Computational Design of Novel Cyclic Peptides Endowed with Autophagy-

Inhibiting Activity on Cancer Cell Lines 

Authors: Albani, M., Fassi, E. M. A., Moretti, R. M., Garofalo, M., Montagnani Marelli, 

M., Roda, G., Sgrignani, J., Cavalli, A., & Grazioso, G.  

Status: Published in International Journal of Molecular Sciences(2024) 

DOI: 10.3390/ijms25094622 

Author Contribution: Dr. M. Albani performed molecular dynamics simulations and 

contributed to writing the original draft of the manuscript 
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Appendix 3  

Title: FYCO1 Peptide Analogs: Design and Characterization of Autophagy Inhibitors as 

Co-Adjuvants in Taxane Chemotherapy of Prostate Cancer 

Authors: Fassi, E. M. A., Moretti, R. M., Montagnani Marelli, M., Garofalo, M., Gori, A., 

Pesce, C., Albani, M., Milano, E. G., Sgrignani, J., Cavalli, A., and Grazioso, G.  

Status: Published in International Journal of Molecular Sciences (2025) 

DOI: 10.3390/ijms26115365 

Author Contribution: Dr. M. Albani performed microscale thermophoresis experiments 

and contributed to manuscript drafting. 
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Appendix 4  

Title: Computational characterization of peptide binding stability to HLA-C allotypes and 

its association with HIV-1 infection progression and HIV-1 related neurocognitive 

impairment 

Authors: Voi M., Sangalli A., Milano E.G., De Martinis C., Orlandi E., Tamburin S., 

Mantovani E., Federico A., Lanzafame M., Lattuada E., Argañaraz G.A., Da Silva B.C.M., 

Da Silva Duarte A.J., Casseb J., Argañaraz E.R., Malena M., Albani M., Ruggiero A., 

Romanelli M.G., Valenti M.T., Grazioso G. and Zipeto D.  

Status: Published in Frontiers in Immunology (2025) 

DOI: 10.3389/fimmu.2025.1703026 

Author Contribution: Dr. M. Albani led the study design, performed molecular dynamics 

simulations, analyzed the data, and wrote the manuscript. 
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Appendix 5 

Title: Support Vector Machine Identification of Small Molecule Binders to an Understudied 

Allosteric Site of SARS-CoV-2 Mpro for Next-Generation PROTAC-Based Therapeutics 

Authors: Fassi, E. M. A., Mekni, N., Albani, M., Maehrlein, S., Weldert, A. C., 

Schirmeister, T., Langer, T., and Grazioso, G.  

Status: Published in Archiv der Pharmazie (2025) 

DOI: 10.1002/ardp.70169 

Author Contribution: Dr. M. Albani performed microscale thermophoresis experiments 
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