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Abstract 
Climate change favors the proliferation and spread of arthropod-borne viruses (arboviruses) 

around the globe. Chikungunya virus (CHIKV) is a re-emerging arbovirus from the genus 

Alphavirus, which is mainly transmitted by Aedes species mosquitoes. Due to climate change, 

the vector is now present in various regions, including the Americas, Africa, Europe, and Asia, 

and causes a rapid increase in CHIKV infections. The first approved vaccine was introduced 

against CHIKV in 2023. However, the vaccine has its limitations and is not beneficial for 

individuals already infected. This highlights the need for treatment against CHIKV. CHIKV is a 

positive-sense, single-stranded RNA virus, whose replication depends on the cleavage of the 

nonstructural polyprotein P1234 by the protease activity of non-structural protein 2 (nsP2pro). 

In addition to its essential role in viral replication, nsP2pro is also involved in the downregulation 

of the host immune response, including suppression of the interferon response and disruption 

of major histocompatibility complex class I (MHC-I). The crucial role of nsP2pro in viral 

replication makes it a promising target for the development of antiviral therapies. In order to 

identify potential inhibitors against CHIKV nsP2pro, two distinct approaches, including a phage 

display technique and the screening of animal venom-based peptides, were employed. 

Through phage display four peptides were identified with the potential to inhibit nsP2pro. 

Biochemical analysis showed that peptide P1 had the strongest inhibitory effect among the 

four peptides, with a half-maximal inhibitory concentration (IC50) of 4.6 ± 1.9 µM. Further in 

vitro and in silico studies revealed that peptide P1 has low cytotoxicity up to 100 µM and acts 

as a competitive inhibitor with micromolar-range affinity. The second potential candidate is 

pantinin-1, a peptide derived from the scorpion Pandinus imperator, with a broad antimicrobial 

spectrum. Inhibition assays demonstrated that pantinin-1 is capable of inhibiting the catalytic 

activity of nsP2pro with an IC50 value of 6.4 ± 2.04 µM and complete inhibition at a concentration 

of 175 µM. Various predictions with three docking programs (Galaxy TongDock, ClusPro, and 

HDock) showed that pantinin-1 interacts with the protease active site. However, some models 

predicted binding at a site opposite to the active site of nsP2pro. In contrast, inhibition mode 

assay showed that pantinin-1 decreases the Michaelis-Menten constant (km) without affecting 

the reaction velocity, which is characteristic of a competitive inhibitor. The cell cytotoxicity 

assay revealed that pantinin-1 has no toxic effects at concentrations around three times higher 

than its IC50; however, toxicity was observed at concentrations of 40 µM and higher. Nucleic 

acids are an important factor influencing viral protein activity. Various studies have shown that 

certain viral proteins can interact with nucleic acids (DNA or RNA) from either the viral genome 

or the host cell. These interactions can affect the structure, stability, and function of viral 

proteins, particularly those involved in replication and assembly. In some cases, such 

interactions can enhance viral protease activity, which in turn impacts viral replication and host 
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infection. Based on this knowledge, The effects of different nucleic acids, including single- and 

double-stranded DNA, selected DNA aptamers through high-throughput sequencing-

fluorescent ligand interaction profiling, and random nucleic acids, was evaluated on CHIKV 

nsP2pro activity. The analysis showed that both specifically selected and non-specific single-

stranded nucleic acids enhance the activity of the protease. Moreover, it was shown that 

double-stranded DNA could not enhance protease activity. Additionally, the enhancement 

depends on buffer composition. At high salt concentration (400 mM NaCl), no enhancement 

in activity occurred. The molecular docking results predicted that single-stranded nucleic acids 

likely bind at the methyltransferase domain of the nsP2pro. Finally, the effect of the single-

stranded nucleic acids on the inhibitory effect of peptide P1 was evaluated. It was shown that 

in the presence of single-stranded nucleic acids, the inhibitory effect of peptide P1 decreased. 

This suggests a potential modulatory role of nucleic acids that should be taken into account 

when developing inhibitors against CHIKV nsP2pro. However, further in-depth studies are 

necessary to confirm this observation and to determine whether this effect is broadly 

applicable. 
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Zusammenfassung 
Der Klimawandel begünstigt die Vermehrung und weltweite Ausbreitung von Arthropoden-

übertragenen Viren (Arboviren). Das Chikungunya-Virus (CHIKV) ist ein wiederauftretendes 

Arbovirus aus der Gattung Alphavirus und wird hauptsächlich durch Stechmücken der Gattung 

Aedes übertragen. Aufgrund veränderter klimatischer Bedingungen haben sich diese Vektoren 

mittlerweile in verschiedenen Regionen etabliert, darunter Amerika, Afrika, Europa und Asien, 

was zu einem raschen Anstieg von CHIKV-Infektionen führt. Im Jahr 2023 wurde der erste 

zugelassene Impfstoff gegen CHIKV eingeführt. Dieser Impfstoff weist jedoch 

Einschränkungen auf und ist für bereits infizierte Personen nicht wirksam, was die 

Notwendigkeit antiviraler Behandlungsstrategien unterstreicht. CHIKV ist ein RNA-Virus mit 

einzel- und positivsträngigem Erbgut, dessen Replikation von der Spaltung des 

nichtstrukturellen Polyproteins P1234 durch die Proteaseaktivität des nichtstrukturellen 

Proteins 2 (nsP2pro) abhängt. Neben seiner zentralen Rolle in der viralen Replikation ist 

nsP2pro auch an der Umgehung der Immunantwort beteiligt, unter anderem durch die 

Suppression der Interferon-Antwort und die Störung der Expression des 

Haupthistokompatibilitätskomplexes Klasse I (MHC-I). Aufgrund seiner Schlüsselrolle stellt 

nsP2pro ein vielversprechendes Ziel für die Entwicklung antiviraler Wirkstoffe dar. 

Zur Identifikation potenzieller Inhibitoren von CHIKV nsP2pro wurden zwei komplementäre 

Ansätze verfolgt: ein phage display technology sowie die Untersuchung von Peptiden 

tierischen Ursprungs. Das phage display identifizierte vier Peptide mit potenziell inhibitorischer 

Wirkung auf nsP2pro. Unter diesen zeigte Peptid P1 die stärkste Hemmwirkung mit einer 

halbmaximalen inhibitorischen Konzentration (IC50) von 4,6 ± 1,9 µM. Weitere in vitro- und in 

silico-Analysen zeigten, dass P1 bis zu einer Konzentration von 100 µM eine geringe 

Zytotoxizität aufweist und als kompetitiver Inhibitor mit mikromolarer Affinität wirkt. Ein zweiter 

vielversprechender Kandidat ist Pantinin-1, ein Peptid aus dem Skorpion Pandinus imperator, 

das ein breites antimikrobielles Spektrum aufweist. Enzymatische Hemmtests zeigten, dass 

Pantinin-1 die Aktivität von nsP2pro mit einer IC50 von 6,4 ± 2,04 µM hemmt; bei einer 

Konzentration von 175 µM wurde eine vollständige Inhibition beobachtet. Molekulare Docking-

Studien mit drei Programmen (GalaxyTongDock, ClusPro und HDOCK) ergaben, dass 

Pantinin-1 vermutlich an der aktiven Stelle der Protease bindet; einige Modelle deuteten 

jedoch auch auf eine alternative Bindung gegenüber der aktiven Stelle hin. Im Gegensatz 

dazu zeigte die kinetische Analyse, dass Pantinin-1 den Michaelis-Konstanten (Km) senkt, 

ohne die Reaktionsgeschwindigkeit zu beeinflussen - ein typisches Merkmal kompetitiver 

Inhibitoren. Zytotoxizitätsanalysen zeigten, dass Pantinin-1 bis zum Dreifachen seiner IC50 

keine toxischen Effekte aufweist, jedoch ab einer Konzentration von 40 µM eine Toxizität 

erkennbar ist. Nukleinsäuren stellen einen wichtigen Faktor dar, der die Aktivität viraler 
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Proteine beeinflussen kann. Verschiedene Studien haben gezeigt, dass bestimmte virale 

Proteine mit Nukleinsäuren (DNA oder RNA) aus dem viralen Genom oder der Wirtszelle 

interagieren können. Diese Interaktionen können die Struktur, Stabilität und Funktion viraler 

Proteine beeinflussen, insbesondere solcher, die an der Replikation und Assemblierung 

beteiligt sind. In einigen Fällen können diese Wechselwirkungen die Aktivität viraler Proteasen 

steigern und somit die virale Replikation sowie die Infektion von Wirtszellen fördern. Auf 

Grundlage dieser Erkenntnisse wurde der Einfluss verschiedener Nukleinsäuren - darunter 

Einzel- und Doppelstrang-DNA, selektierte DNA-Aptamere (identifiziert mittels 

Hochdurchsatz-Sequenzierung und fluoreszenzbasierter Liganden-Interaktions-Analyse) 

sowie zufällige Nukleinsäuren - auf die Aktivität von CHIKV nsP2pro untersucht. Die Analyse 

zeigte, dass sowohl spezifisch selektierte als auch unspezifische einzelsträngige 

Nukleinsäuren die Proteaseaktivität steigern können, während Doppelstrang-DNA diesen 

Effekt nicht zeigte. Darüber hinaus wurde festgestellt, dass die Aktivitätssteigerung vom Puffer 

abhängig ist: Bei hoher Salzkonzentration (400 mM NaCl) war keine Aktivitätssteigerung 

nachweisbar. Molekulare Docking-Analysen deuten darauf hin, dass einzelsträngige 

Nukleinsäuren wahrscheinlich an die Methyltransferase-Domäne von nsP2pro binden. 

Abschließend wurde der Einfluss einzelsträngiger Nukleinsäuren auf die inhibitorische 

Wirkung von Peptid P1 untersucht. Es zeigte sich, dass in Anwesenheit dieser Nukleinsäuren 

die Hemmwirkung von P1 reduziert war. Dies weist auf eine mögliche modulierende Rolle von 

Nukleinsäuren hin, die bei der Entwicklung von Inhibitoren gegen CHIKV nsP2pro 

berücksichtigt werden sollte. Dennoch sind weiterführende, vertiefte Studien erforderlich, um 

diese Beobachtung zu bestätigen und zu klären, ob dieser Effekt allgemein übertragbar ist. 
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1. Introduction 

1.1 Impact of climate change on infection diseases 

Climate change is creating favorable conditions for the spread of pathogens transmitting 

infectious diseases into new regions and poses a significant threat to global health [1, 2]. 

These environmental changes influence the transmission dynamics of various diseases, 

including food-borne, airborne, and vector-borne (arthropod-borne) infections [3]. Among the 

critical contributing factors is rising temperature, which facilitates the expansion of arthropod 

populations into new habitats. As a result, the incidence of arboviral diseases is increasing, 

raising the risk of emerging epidemics (Fig. 1) [4]. 

 

Fig. 1 Impact of climate change on vector-borne disease. The figure demonstrates that climate change creates 

favorable habitats for vectors and leads to an increase in vector populations. In addition, it shows that climate 

change drives the movement of humans and animals into new areas. Together, these factors contribute to the rise 

of new epidemics and outbreaks. The figure was created with BioRender and adapted from Bartlow et al. [5]. 
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1.2 Arbovirus 

Arboviruses are arthropod-borne viruses transmitted by blood-sucking arthropods, such as 

mosquitoes and ticks, from one host to another [6]. According to the Arbovirus Catalog from 

the Centers for Disease Control and Prevention (CDC), over 500 arboviruses have been 

identified to date, with many capable of infecting humans or posing a potential threat [7]. 

Among these, more than 100 are known to cause humans diseases [8]. Arboviruses are 

primarily RNA viruses and are classified into distinct families based on their genomic 

characteristics [9]. They are further categorized into three major groups according to their RNA 

genome structure: positive-sense single-stranded RNA, negative-sense single-stranded RNA, 

and double-stranded RNA (Table 1) [10, 11]. 

 

Table 1. Classification of arboviruses based on RNA genome structure 

RNA genome type Representative 

genera 

Example viruses Reference 

Positive-sense 

single-stranded 

RNA 

Alphavirus  CHIKV, MAYV, 

VEEV, RRV, WEEV, 

SINV 

[10-12] 

Flavivirus DENV, YFV, ZIKV, 

JEV, WNV, SLEV 

[10-12] 

Negative-sense 

single-stranded 

RNA 

Orthobunyavirus La Crosse virus, 

Bunyamwera virus 

[10, 13] 

Double-stranded 

RNA 

Orbivirus, Coltivirus Bluetongue virus, 

Colorado tick fever 

virus 

[10, 14, 15] 
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1.3 Chikungunya 

Chikungunya (CHIKV) is considered a significant threat among arboviruses. It is the causative 

agent of chikungunya fever and belongs to the genus Alphavirus within the family Togaviridae 

[16]. The first documented outbreak of CHIKV dates back to 1952 in Tanzania and was initially 

described as a dengue-like fever [17], and in 1953, R.W. Ross reported the isolation and 

characterization of the chikungunya virus [18]. Since then, CHIKV has been detected in 

multiple regions across the world (Fig. 2), with numerous major outbreaks documented in 

Africa, the Americas, Europe, and Asia, as shown in Table 2. According to the Pan American 

Health Organization (PAHO), between 2018 to 2025, a total of 1,793,179 cases of CHIKV 

were reported in the Americas, of which 951,091 were confirmed cases [19]. Another report 

from the European Centre for Disease Prevention and Control (ECDC) indicates that between 

February 2023 and January 2024, around 10,000 CHIKV cases were reported, most of them 

in the American, particularly in countries such as Brazil, Paraguay, Bolivia, and Colombia [20]. 

By March 2025, an additional 80,000 cases had been reported, with 46 deaths [21]. 

 

 

Fig. 2. Regions with reported cases of CHIKV. Areas where CHIKV has been reported are highlighted in blue. 

The figure was adapted from data provided by the World Health Organization (WHO) and created using the online 

tool MapChart [25]. 
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The European region has also been affected by CHIKV, including the 2007 outbreak in Italy 

with 217 confirmed cases [22]. The index case was linked to a traveler returning from India, 

indicating an imported origin of the virus [22]. In addition to travel-associated cases, local 

transmission has been reported in several outbreaks, such as those in France in 2010, 2014, 

and 2017 [23]. These outbreaks were primarily transmitted by Aedes albopictus mosquitoes, 

highlighting the role of local vectors in sustaining CHIKV transmission [23]. More recently, a 

major epidemic was reported on La Réunion, a French overseas territory, with over 47,500 

confirmed cases and more than 170,000 suspected cases between August 2024 and 4 May 

2025 [24]. These data show the widespread nature of CHIKV infection and the importance of 

CHIKV as a re-emerging virus. 

Table 2. List of globally occurred CHIKV outbreaks. 

Year Location Estimated number of 

cases/Attack rate 

Reference 

1952-1953 Tanzania  N/A (23% attack rate) [17, 26] 

1958 Thailand 

(Bangkok) 

N/A [27] 

1963, 1973 India N/A [28] 

2004 Kenya, Lamu  At least 1,300/ 75% attack 

rate in affected areas 

[29] 

2005-2006 La Réunion 

(France) 

266,000-300,000 [30] 

2006 India Over 1.25 million suspected 

cases 

[31] 

2007 Italy (Ravenna 

Province) 

205 [32] 

2019 Republic of the 

Congo 

6,149 suspected [33] 

2024-2025 La Réunion 

(France) 

47,500 confirmed; 170,000+ 

consultations 

[24] 

N/A: Not available 
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1.4 Transmission  

CHIKV is primarily transmitted by mosquitoes of the Aedes genus, specifically Aedes aegypti 

and Aedes albopictus [34]. However, mosquito bites are not the only transmission route; 

vertical transmission can also occur, potentially leading to impaired neurocognitive 

development or increased mortality [35, 36]. CHIKV follows two distinct transmission cycles 

(Fig. 3). The first is the enzootic cycle, also known as the sylvatic cycle, which occurs in 

forested areas where non-human primates and other Aedes species, such as Aedes africanus, 

Aedes luteocephalus and Aedes taylori are found [37]. The second cycle, known as the urban 

cycle, occurs in urban areas and involves transmission between humans and Aedes aegypti 

or Aedes albopictus [38].  

 

 

Fig. 3. Transmission cycles of CHIKV. CHIKV is transmitted through two primary cycles: the urban cycle and the 

sylvatic cycle. The urban cycle involves transmission between humans and Aedes aegypti or Aedes albopictus. 

The sylvatic cycle involves non-human primates and other Aedes species, such as Aedes taylori and Aedes 

africanus,. The figure was created with BioRender and adapted from Power et al. and Diallo et al. [37, 39].  

Although transmission to humans is primarily caused by Aedes aegypti or Aedes albopictus, 

there are notable differences between these mosquitoes species that influence the efficiency 

of the transmission of the virus. A 2007 study demonstrated that Aedes aegypti exhibits a 

significantly higher target-attack rate, approximately 30 times higher, and displays more 

aggressive behavior than Aedes albopictus [40]. As previously discussed, climate change 

impacts the dynamics of arbovirus transmission. Rising temperatures, in particular, affect 

mosquito vectors by weakening the midgut infection barrier in Aedes aegypti, thereby 
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increasing midgut infection rates and making the species more susceptible to CHIKV infection 

[41].  

1.5 Clinical manifestation of CHIKV 

Chikungunya fever has two main phases: an acute phase and a chronic phase [42]. The acute 

phase begins 2-4 days after the incubation period and may persist up to three weeks [43]. 

Common symptoms include high fever, skin rash, headache, polyarthralgia, and photophobia 

[43, 44]. However, approximately 15% of infected individuals remain asymptomatic [45]. Joint 

pain is the most common and debilitating symptom (~90% of patients) involving the limb joints 

such as the knees, elbows, fingers and ankles [46]. The second stage of the infection is the 

chronic phase, which is characterized by persistent arthralgia, myalgia, skin lesions, sleep 

disorders, and even depression [47]. In approximately 40% to 80% of the cases, the disease 

progresses to the chronic phase, whose duration can range from three months to several 

years [43]. The prevalence of the chronic phase varies across studies; however, a review by 

Silveira-Freitas et al. indicates that between 40% and 60% of patients suffer from persistent 

arthralgia, one of the main symptoms of the chronic phase [48]. These findings suggest that 

high proportions of infected individuals are at high risk of chronic Chikungunya infection. 

Progression to the chronic phase is influenced by several risk factors. A cohort study 

conducted in the French West Indies found that older individuals and females have a higher 

probability of developing chronic arthritis and experiencing dehydration during the acute 

phase, both of which may contribute to the progression to chronic phase [49]. Additionally, a 

long duration of joint pain during the acute phase has been associated with an increased risk 

of arthralgia [50]. 

As illustrated in Fig. 4, CHIKV can affect multiple organs, including the heart, lungs, joint, skin 

and even the brain [51]. Infection of the brain has a particularly influence and is associated 

with a range of disorders, such as the Guillain‐Barré syndrome, encephalitis, 

meningoencephalitis, and neonatal hypotonia [52-54]. Although the overall mortality rate of 

CHIKV infection is low, patients with neurological complications exhibit significantly higher 

mortality rates, approximately 45% compared to 5% in those without neurological involvement 

~5%) [55, 56]. 
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Fig. 4. Organs affected by CHIKV infection in human. The figure illustrates the major organs impacted by CHIKV 

infection The figure was created with BioRender and adapted from Traverse et al. [51]. 

1.6 CHIKV genome 

CHIKV is an enveloped virus with a positive-sense single-stranded RNA genome consisting 

of approximately 11,805 nucleotides [57]. The genome is flanked by a 7-methylguanosine cap 

at the 5′ end and a poly-A tail at the 3′ end [58, 59]. The viral RNA contains two open reading 

frames (ORFs): ORF1 encoding non-structural proteins (nsPs), while ORF2 encodes 

structural proteins [60]. The CHIKV genome encodes four non-structural proteins (nsP1-nsP4) 

and six structural proteins, including the capsid, envelope proteins E1-E3, and 6K all of which 

play important roles in viral replication (Fig. 5) [61]. 
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Fig. 5. Structure of the CHIKV genome. The figure illustrates the organization of the CHIKV genome, highlighting 

the four non-structural proteins (nsP1-nsP4) and the structural proteins, including the capsid (C), envelope protein 

(E) and 6k leader peptides. The figure was created with BioRender and adapted from Varikkodan et al. [62]. 

1.6.1 Structural proteins 

One of the major structural proteins is the capsid protein, a multifunctional protein primarily 

responsible for encapsidating the viral genome [63]. It contains an N-terminal RNA-binding 

domain that inhibits host transcription and facilitates capsid protein dimerization [63]. The C-

terminal region anchorages a serine protease domain, which mediates the autocleavage of 

the capsid from the precursor polyprotein [64, 65]. 

As illustrated in Fig. 5, CHIKV contains three distinct envelope proteins that play crucial roles 

in virus attachment and entry. Entry into the host cell is mediated by the interaction between 

the viral spike protein and specific cell surface receptors [66]. In CHIKV, the spike protein is a 

heterodimer composed of envelope proteins E1 and E2, which are properly folded with the 

assistance of the E3 protein. In addition, E1 plays an important role, it facilitates the release 

of the viral genome into the host cell [67]. The last CHIKV structural protein to mention is the 

6K protein, a small polypeptide with around 60 amino acids [68]. This protein predominantly 

remains in the endoplasmic reticulum (ER) and plays a critical role in proper viral assembly 

[69]. Additionally, it forms ion channels and modulates membrane permeability [70]. 

1.6.2 Non-structural protein 

CHIKV encodes four distinct non-structural proteins (nsPs). The first, nsP1, exhibits 

methyltransferase and guanylyltransferase activity, which are essential for the capping of viral 

RNA [71, 72]. nsP2 is a multifunctional protein that contributes to multiple steps in the viral 

replication cycle. The N-terminal region contains RNA helicase and 5′-triphosphatase 

activities, which are essential for RNA processing and capping. The C-terminal region contains 
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a cysteine protease domain and a methyltransferase-like domain. One of the critical functions 

of nsP2 is the proteolytic cleavage of the viral nonstructural polyprotein precursor. [73-75]. 

These functions will be discussed in more detail in section 1.10. Although the function of nsP3 

is not completely understood, studies suggest it is involved in genome replication and may 

contribute to structural protein synthesis [76]. Lastly, nsP4 functions as an RNA-dependent 

RNA polymerase, responsible for synthesizing the viral RNA [77].  

1.7 CHIKV replication 

The replication process begins with the attachment of the virus to glycosaminoglycans on the 

surface of the host cell [78, 79]. The envelope protein E2 interacts with cell receptors such as 

MXRA8 (Matrix remodeling associated protein 8) and mediates viral entry into via clathrin-

mediated endocytosis and subsequent formation of endosomes (Fig. 6A-B) [80]. Following 

cell entry, the acidification of the endosome triggers a conformational change in the envelope 

protein E1, allowing it to insert into the endosomal membrane. This process facilitates the 

release of the viral genome into the host cell cytoplasm (Fig. 6C) [81, 82]. In the next step, the 

viral genome is translated by host cell translation factors, resulting in the production of the viral 

polyprotein (Fig. 6D). The polyprotein, known as P1234, is cleaved by nsP2 into individual 

non-structural proteins [83]. Next, all nsPs, together with viral RNA and host proteins, form on 

the cell membrane a viral replication compartment known as a spherule, which is essential for 

viral genome replication and subgenomic transcription (Fig. 6E) [84]. Spherules are then 

internalized to form a large cytopathic vacuole (CPV-I) (Fig. 6F) [85]. Subsequently, the 

translation of the structural proteins takes place. Following autocleavage of the capsid, the 

genomic RNA is encapsidated to form the nucleocapsid, which is transported to the cell 

membrane. In parallel, the remaining structural proteins are processed by the ER-Golgi 

apparatus and transported to the cell surface (Fig. 6G) [36]. Finally, viral assembly is 

completed through the interaction between the nucleocapsid and the envelope proteins (Fig. 

6H-J) [36]. 
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Fig. 6. Replication cycle of CHIKV. The figure was created with BioRender, and adapted and simplified from Silva 

and Dermody (2017). [36]. 

1.8 Diagnostic 

CHIKV presents a diagnostic challenge due to its clinical similarity to other arboviruses and its 

potential for co-infection with members of the flavivirus family, such as ZIKV and DENV, which 

share the same mosquito vector [86-89]. These complications can result in misdiagnosis of 

CHIKV infection and highlight the need for more frequent and precise monitoring [89]. Clinical 

signs and case reports are the first steps in detecting CHIKV infection, and the use of medical 

imaging such as magnetic resonance imaging (MRI) can help detect neuroinvasion, while 

ultrasound can be used to investigate joint inflammation [90, 91]. The main route to confirm 

an infection is through laboratory testing. For decades, virus culture was used to identify, 

amplify, and isolate the virus, but it is a time-consuming method and has low sensitivity [92, 

93]. Reverse transcription polymerase chain reaction (RT-PCR) is considered the gold-

standard method for diagnosing and detecting CHIKV with high sensitivity. This technique was 

widely employed during the recent COVID-19 pandemic [94]. However, RT-PCR requires 

specialized laboratories and expensive equipment, making it less practical for use in 

developing countries where arboviruses are endemic [95]. A more suitable and cost-effective 

option in developing countries is the use of serological techniques such as ELISA to detects 

IgG and IgM antibodies. Although this method is more economical and does not require highly 
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trained personnel, it carries the risk of non-specific binding of antibodies to related antigens 

and epitopes from the other members of the Alphavirus family [96]. A recently developed rapid 

diagnostic test (Bio-Manguinhos, Fundação Oswaldo Cruz, Brazil) for CHIKV, DENV, and 

ZIKV provides a quick and simple method for detecting infection [97]. However, the test has 

demonstrated low sensitivity and moderate specificity during the acute phase, making it more 

useful in the convalescent phase [97]. Overall, there remains a need for a diagnostic tool that 

is both precise and cost-effective, with high specificity and sensitivity. 

1.9 Prevention and vaccination  

Vector control and prevention remain the first line of defense against CHIKV. According to 

WHO guidelines, wearing long clothes, regularly cleaning and emptying water containers, 

disposing of waste properly, and using insecticides can help minimize transmission and reduce 

mosquito population [98]. The development of a vaccine against CHIKV has been a major 

focus of research. Several candidates (Table 3) have progressed beyond the laboratory and 

entered clinical trials. Among them, the vaccine VLA1553 (Ixchiq) successfully passed clinical 

trials and was approved in 2023 by the U.S Food and Drug Administration (FDA) for individuals 

aged 18 and older. It was later approved by the European Union [99-101]. VLA1553 is a single-

dose live-attenuated vaccine that contains a deletion mutation in nsP3 region [100, 102]. 

Immunogenicity analysis from phase 3 clinical trials showed that in 98.9% of vaccinated 

participants developed neutralizing antibodies against CHIKV [103]. The vaccine showed that 

approximately 51% of vaccinated individuals experienced mild to moderate side effects, 

including arthralgia, headache and fever. However, two individuals developed severe side 

effects requiring hospitalization [103, 104]. Vimkunya (PXVX0317) is the second vaccine to 

be approved, receiving authorization in February 2025 from both the USA and the European 

Union [105]. Vimkunya is a virus-like particle vaccine and, in contrast to VLA1553, is suitable 

for both adults and children aged 12 years and older. The phase 3 clinical trials analysis 

reported that 96.8% of participants achieved seroprotective levels of neutralizing antibodies 

15 days after immunization with Vimkunya, and this figure increased to 97.8% by the day 22 

[105]. The vaccine demonstrated safety profile, with low to moderate adverse effects that 

resolved within two days [105]. The approval of these vaccines represents a significant 

advancement in the fight against CHIKV infection. However, children under 12 years are still 

at risk, and the vaccines are not effective for individuals who are already infected. This 

highlights the continued need for effective antiviral therapies. 
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Table 3. List of developed vaccines against CHIKV. 

Vaccine Type Clinical trials Approval Reference 

VLA1553 Live attenuated Phase III USA, Europe 

and Brazil 

[99, 101] 

Vimkunya Virus-like 

particle 

Phase III USA and Europe [105] 

VAL-181388 mRNA-based 

 

Phase I - [106] 

MV-CHIK-202 Live-attenuated 

measles-virus 

Stop after Phase 

II 

- [107] 

ChAdOx1 Chik Simian 

adenovirus 

vectored 

vaccine 

Phase I - [108] 

 

1.10 Non-structural protein 2 (nsP2) 

The importance of nsP2 in the replication of CHIKV was previously discussed. In this section, 

we take a closer look at its structure, function, and biological significance. The CHIKV nsP2 is 

a multifunctional protein involved in several key processes of the viral life cycle. Its N-terminal 

region exhibits RNA helicase and 5′-triphosphatase activities, while the C-terminal region 

contains cysteine protease and methyltransferase domains [74, 75]. The helicase activity of 

nsP2 is essential for unwinding intermediate double-stranded RNA (dsRNA) during viral 

replication [109, 110]. In addition, CHIKV RNA contains a 5′ cap, the formation of which 

depends on the triphosphatase activity of nsP2. This enzyme initiates the capping process by 

removing the γ-phosphate from the 5′ end of the viral RNA [110, 111]. The nsP2 cysteine 

protease (nsP2pro) belongs to the papain-like superfamily and is more specifically classified 

within the peptidase family C9 of clan CA [112, 113]. The protease activity is essential for 

cleaving the polyprotein P1234, the precursor of nsP1-nsP4, into individual functional proteins 

[114, 115]. The active site (Fig. 7A) of nsP2pro contains two conserved amino acids: histidine 

548 (His 548) and cysteine 478 (Cys 478) [116]. nsP2pro recognizes three specific sequences 

in the polyprotein that are critical for identifying the cleavage site (Fig. 7B) [73]. Interestingly, 

the amino acid glycine is conserved at all cleavage sites and plays a critical role in the 

cleavage of nsP2pro [83]. Proteolytic cleavage of the polyprotein by nsP2pro occurs in a defined 

order: nsP4 is released first, followed by nsP3 and then nsP1 (Fig. 7B) [117]. The substrate-

binding site of CHIKV nsP2pro is located at the interface between the methyltransferase and 

cysteine protease domains and consists of four subsites, designated S1-S4 [116]. Beyond the 
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important role of nsP2 in replication, it also plays a key role in suppressing the host’s innate 

immune system. nsP2 is capable of degrading the Rbp1 subunit of RNA polymerase II, which 

leads to downregulation of host mRNA transcription and suppression of the antiviral response 

[118]. In addition, nsP2 inhibits the MDA5/RIG-I signaling pathway, impairing the detection of 

viral dsRNA and the downregulation of interferon [119]. Although the function of the 

methyltransferase domain is not fully understood, studies suggest its involvement in 

suppressing the innate immune response by inhibiting the JAK/STAT signaling pathway, a key 

component of interferon signaling [120]. Besides that, it can disrupt major histocompatibility 

complex class I (MHC-l) antigen presentation, thereby helping the virus evade detection by 

CD8+ T cells [121]. 
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Fig. 7. Structure of nsP2pro and cleavage sites of polyprotein P1234. (A) Crystal structure of nsP2pro (PDB 

3TRK) with conserved amino acids His548 and Cys478 at the active center. The cysteine protease domain is shown 

in gold, and the methyltransferase domain in green. (B) Cleavage recognition sites of nsP2pro within the polyprotein 

and the order of cleavage of the non-structural proteins nsP1-nsP4. The cleavage follows a defined sequence: (I) 

nsP4 is cleaved and released first, (II) followed by nsP3, (III) and finally, nsP1 is released from nsP2.The figure 

was created with BioRender and is based on data from Ahola and Merits (2016) and Saisawang et al. [73, 122]. 
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1.11 Treatment 

Currently there is no approved therapy available for CHIKV infection [123]. However, various 

studies are underway to develop effective treatment options. The majority of these studies 

focus on targeting nsP2pro for antiviral therapy, due to its critical role in virus replication, as 

summarized in Table 4. Various approaches have been employed to identify potential 

inhibitors, such as small molecule and peptide-based compounds targeting CHIKV nsP2pro 

activity. However, none of the identified candidates have advanced beyond the laboratory 

stage [124]. One strategy to inhibit CHIKV involves targeting the nucleophilic residue Cys478 

in the active site using an irreversible covalent small-molecule binder [125]. The main limitation 

of such inhibitors is off-target activity and non-specific binding to host proteases with elementar 

functions, and this could lead to severe side effects (e.g. toxification) [126]. However, Merten 

et al. identified a small molecule inhibitor (RA-0002034) from a covalent fragment library of 

6,120 compounds, which demonstrated high specificity for the cysteine residue in the active 

site of nsP2pro [125]. Specificity analysis revealed that RA-0002034 does not interact with other 

cysteine proteases, except for cathepsin S, where it exhibited low levels of inhibition. However, 

further analysis is still required to confirm its selectivity and safety profile [125]. Another 

example of small molecule inhibitors includes Hesperetin (HST) and Hesperidin (HSD), two 

flavonoids extracted from citrus plants [127-129]. In vitro studies demonstrated that both HST 

and HSD can inhibit nsP2pro, acting as noncompetitive inhibitors with low cytotoxicity [129]. In 

silico screening represents another approach for identifying small molecule inhibitors from 

compound libraries [130]. Novobiocin and Telmisartan are two in silico-selected small 

molecules from an FDA-approved library that demonstrated promising inhibitory effect on 

nsP2pro activity [130]. Peptide-based therapy offers another promising route to develop therapy 

against various diseases, including microbial infections, cancer, and even neurodegenerative 

disorders such as Alzheimer’s disease [131-134]. The advantages of peptides lies in their high 

target specificity, low toxicity, low immunogenicity, and their ability to bind larger surface areas 

of the target proteins compared to small molecules [133, 135]. However, despite these 

benefits, peptide-based therapeutics also have several limitations. These include poor stability 

due to enzymatic degradation, a short biological half-life, limited membrane permeability, and 

suboptimal biodistribution [133, 136]. Pep-I and Pep-II are two peptidomimetic inhibitors 

identified through conformer and pharmacophore-based approaches that specifically target 

the nsP3/4 cleavage site. These inhibitors are capable of blocking nsP2 protease activity and 

reducing viral titers in cell culture [137, 138].  
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Table 4. Example of potential inhibitors against CHIKV nsP2pro. 

Compound(s) Type Reference 

RA-0002034 
 

Small molecule [125] 

1,3 Thiazolbenzamide 

derivatives 

Small molecule [139] 

MBZM-N-IBT Small molecule [140] 

Hesperidin/ Hesperetin 
 

Small molecule [129] 

Novobiocin/ Telmisartan Small molecule [130] 

Pep-I/ Pep-II Peptide [138] 

P1 Peptide [124] 

 

1.12 Sources and screening methods for peptide discovery 

The advantages of peptide-based therapy were outlined in the previous section. Peptides can 

be selected and screened through various methods, including yeast surface display, phage 

display, and natural sources like animal venom [141-144]. In addition, screening using 

recombinant peptide libraries or in silico structure-based virtual screening represents two 

additional promising strategies for peptide selection [145, 146]. 

Phage display, developed by George P. Smith in 1985, is a high-throughput screening and 

cost-effective screening method that enables the selection of peptides from a phage library 

containing billions of phages, each displaying unique peptides on their surfaces (Fig. 8) [147-

149]. This method is widely used to develop therapies for various diseases. For example, the 

phage display derived-peptide PRI-002, which disassembles toxic Aβ oligomers associated 

with Alzheimer’s disease, has shown promising results and has reached phase 1b clinical trial 

[150]. Furthermore, phage display has been employed in the development and discovery of 

antimicrobial and antiviral therapies. Notably, peptide inhibitors such as CVL-2, 3CVL-4, and 

3CVL-7, derived through phage display, were selected against the main protease of SARS-

CoV-2, the 3-chymotrypsin-like protease (3CLpro) [151]. Based on this, phage display was 

utilized to identify potential peptide binder for CHIKV nsP2pro that targeting its activity [124]. 
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Fig. 8. Overview of the phage display screening process. (A) The process begins with immobilization of the 

target protein onto the surface of a microplate. (B) A phage library (~2.6 × 10¹⁰) is then added to allow binding of 

displayed peptides to the target protein. (C) Unbound phages or low-affinity binders are removed through washing 

steps. (D) Bound phages are eluted using an elution buffer and (E) subsequently amplified in E. coli. (F) Finally, 

the selected phage clones are identified through next-generation sequencing (NGS). The selection cycle is typically 

repeated at least three times to enrich for high-affinity binders. This figure was created using BioRender and 

adapted from Mastalipour et al. and Eberle et al. [124, 151] 

An alternative approach for peptide-based therapy involves the use of peptides derived from 

animal venom [152]. Numerous studies across different fields have demonstrated the 

significant potential of venom derived peptides in the treatment of cancer, bacterial infections, 

and even viral diseases (see Table 5) [153]. Venom peptides exhibit on one hand good 

selectivity, stability, in some cases strong cell membrane penetration, and even low 

susceptibility to drug resistance [154]. However, their therapeutic application is often limited 

by challenges such as potential cytotoxicity, complex manufacturing and purification 

processes, and the risk of off-target effects [155]. Despite these limitations, the significant 

advantages of venom-derived peptides make them a source for the discovery of an antiviral. 

One of the outstanding venom-derived peptides is pantinin-1, an amphipathic α-helix peptide 

derived from the scorpion Pandinus imperator, with a broad antimicrobial spectrum [156]. 

Pantinin-1 is formed by 14 amino acids and possess antimicrobial activity against a wide range 

of microorganisms, including Gram-positive and Gram-negative bacteria, as well as fungi such 

as Candida tropicalis [157]. Its broad-spectrum efficacy makes it a promising candidate for 

development as a potential inhibitor of CHIKV nsP2pro. 
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Table 5. Summary of venom-derived peptides and their therapeutic potential. 

Peptide Source Target Reference 

Captopril* Brazilian pit viper 
(Bothrops jararaca) 

Hypertension [158] 

Chlorotoxin Scorpion  
(Leiurus 

quinquestriatus) 

Brain cancer [159] 

Crotamine derivative 
peptides (CDP) 

Rattlesnake 
(Crotalus durissus 

terrificus) 

SARS-CoV-2 [160] 

Echinhibin-1 Snake 
(Echis coloratus) 

Sendai virus [161] 

Exenatide (Byetta)* Gila monster 
(Heloderma 
suspectum) 

Type 2 diabetes [162, 163] 

Melittin Honeybee  
(Apis mellifera) 

HIV-1 [164, 165] 

Thanatin spined soldier bug 
(Podisus 

maculiventris) 

Antibacterial 
 (E. coli, Salmonella 

typhimurium, 
Klebsiella 

pneumoniae, and 
Enterobacter 

cloacae) 

[166] 

Ziconotide (Prialt)* Cone snail 
 (Conus magus) 

Severe chronic pain [167, 168] 

*FDA approved drug 
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1.13 Nucleic acids effect on viral protease 

Nucleic acid have been shown to influence viral proteins and play a critical role in viral 

replication. For example, the interaction between adenovirus proteinase and the viral DNA is 

essential for enzymatic activity, and removal of the DNA leads to the loss of the proteinase 

activity [169]. Nucleic acids-protein interactions are not limited to DNA. As demonstrated by 

Hartl et al. foamy virus protease is activated only in the presence of RNA, not DNA [170]. 

Additionally, in vitro studies have shown that RNA enhances the activity of both HIV-1 protease 

and the 3C protease (3Cpro) of poliovirus [171, 172]. Nucleic acid-protein interactions are not 

always advantageous for viruses; rather than enhancing activity, they can also lead to 

inhibition. For example, aptamers, single-stranded DNA or RNA molecules with defined 

structures, have demonstrated inhibitory effects against the hepatitis C virus non-structural 

protein 3 (NS3) and its envelope proteins E1 and E2 [173-176]. These findings highlight the 

importance of nucleic acid interactions in viral replication. To identify such nucleic acid binders, 

various selection methods have been developed. One widely used approach is High-

throughput sequencing fluorescent ligand interaction profiling (HiTS-FLIP). In this method, a 

large library of DNA or RNA (containing millions of sequences) is immobilized onto a flow cell, 

and a fluorescently labeled target protein is introduced to the nucleic acids. Binding between 

the protein and specific nucleic acid sequences results in bright fluorescent spots under 

fluorescence imaging, which are then visualized. The corresponding nucleic acids are 

subsequently identified [177]. Despite evidence of the regulatory role of nucleic acids in viral 

enzymatic activity, the effect of nucleic acids on nsP2pro remains poorly understood, as does 

their relevance to CHIKV replication. Further research, potentially utilizing techniques like 

HiTS-FLIP, may help clarify how nucleic acids influence the catalytic activity of nsP2pro and 

contribute to the development of effective antiviral therapies. 
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2. Aim of the work 
CHIKV is a re-emerging arbovirus with a dramatic increase in the number of infected cases 

and poses a major threat to public health [178]. Unfortunately, no approved treatment is 

currently available, and the development of an effective antiviral therapy is essential [179]. 

The protease activity of the non-structural protein 2 (nsP2pro) is crucial for viral replication; due 

to its importance, nsP2pro is considered as a target in the development of antiviral agents [180]. 

The primary aim of this work was to identify peptide-based inhibitors targeting the CHIKV 

nsP2pro, with the goal of reducing or completely inhibiting its enzymatic activity, thereby 

interfering with viral replication. To better understand their mechanism of action, the peptide 

candidates were subjected to further biochemical, biophysical, and in silico characterization. 

The combined results from these approaches aim to evaluate their potential as lead 

compounds for the development of peptide-based antiviral inhibitors. 

In addition, this work aimed to gain a better understanding of the effect of different nucleic 

acids, including a specific DNA aptamer, random RNA, DNA, nucleotides, and double-

stranded DNA, on protease activity. The goal was to investigate whether nucleic acid 

interactions with nsP2pro have an impact on the inhibitory effect of the peptide inhibitor, and 

whether this should be considered in antiviral development. 
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3. Results 

3.1 Identification and characterization of potential peptidic 

inhibitors against CHIKV nsP2 protease 

 

Title: Novel peptide inhibitor for the Chikungunya virus nsP2 protease: Identification and 

characterization 

 

Authors: Mohammadamin Mastalipour, Ian Gering, Mônika Aparecida Coronado, Jorge 

Enrique Hernández González, Dieter Willbold, Raphael Josef Eberle 

 

Journal: Current Research in Microbial Sciences 

 

Published Date: March 2025 

 

DOI: https://doi.org/10.1016/j.crmicr.2025.100376 

 

Contribution: Conceptualization, Methodology, Investigation, Formal analysis, Data 

curation, Writing - original draft, Writing - review & editing 
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3.2 Characterization of the inhibitory properties of the scorpion-

derived peptide pantinin-1 

 

Title: Inhibition of Chikungunya virus nsP2 protease in vitro by pantinin-1 isolated from 

scorpion venom 

 

Authors: Mohammadamin Mastalipour, Mônika Aparecida Coronado, Jorge Enrique 

Hernández González, Dieter Willbold, Raphael Josef Eberle 

 

Submission Date: Posted on June 29, 2025, on the bioRxiv preprint server 

 

DOI: https://doi.org/10.1101/2025.06.29.662183 

 

Contribution: Conceptualization, Methodology, Investigation, Formal analysis, Data 

curation, Writing - original draft, Writing - review & editing 
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3.3 Effect of nucleic acids on CHIKV nsP2 protease activity 

 

Title: Single-Stranded nucleic acid binding enhances the in vitro catalytic activity of 

Chikungunya virus nsP2 protease 
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Eberle 

 

Submission Date: Posted on May 13, 2025, on the bioRxiv preprint server. Submitted to 
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3.4 Additional results (not published): Effect of nucleic acid on 

inhibitory potential of the peptide P1 

To evaluate the influence of nucleic acids on the inhibitory effect of peptide P1, a FRET-based 

assay (as described in section 3.1) was performed. The assay was conducted in 20 mM Bis-

Tris propane buffer (pH 7.5) at 37 °C, using 10 µM protease. The assay included a control, 

50 µM peptide P1 alone, 10 µM DAC 8 as a representative nucleic acid (see section 3.3), and 

a mixture of 50 µM peptide P1 with 10 µM DAC 8. The enzymatic assay revealed, as shown 

in section 3.1, that peptide P1 is able to inhibit the protease and reduce its catalytic activity, 

while DAC8, as described in section 3.3, increased the activity by more than 10-fold compared 

to the control. In the case of the mixture of P1 and DAC8, the activity dropped to below 2-fold 

compared to DAC8 alone, but remained significantly higher than both the control and P1 alone 

(Fig. 9). 

 

 

Fig. 9. Effect of peptide P1, DAC8, and their combination on the catalytic activity of CHIKV nsP2pro. The 

assay was performed in 20 mM Bis-Tris propane buffer (pH 7.5) at 37 °C, using 10 µM protease and 9 µM 

fluorogenic substrate. Peptide P1 was used at a concentration of 50 µM and DAC8 at 10 µM. The assay was 

performed in triplicate, and the results are shown as mean ± standard deviation (SD). 
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4. Discussion 
Chikungunya fever is caused by the chikungunya virus (CHIKV), an arthropod-borne virus 

(Arbovirus) that belongs to the family Togaviridae [18, 181] . CHIKV is mainly transmitted by 

mosquito bites (Aedes spp.), and it has spread globally due to environmental changes, posing 

a growing public health concern [1-3]. CHIKV replication depends on its non-structural protein 

2 protease activity (nsP2pro), which is responsible for the cleavage of the viral polyprotein 1234 

[73]. Owing to the significance of this role in viral replication, nsp2pro was chosen as a target 

for the development of antiviral therapy. There have been many attempts to identify inhibitors 

against nsP2pro, and numerous agents ranging from small molecules to peptide inhibitors have 

been discovered. However, none of them have been approved for therapeutic use [124]. In 

addition the regulation of the protease activity of nsP2 is poorly studied, although it may play 

an important role in antiviral research. In this work, two approaches, phage display and a 

peptide derived from animal venom, were used to identify potential inhibitors against CHIKV 

nsP2pro. In addition, the inhibitory properties and protein-peptide interactions were 

characterized using biophysical and biochemical methods. Finally, to further explore the 

catalytic activity of nsP2pro in the presence of nucleic acids, the influence of different nucleic 

acids on nsP2pro was evaluated, including their effect on peptide inhibition. 

 

4.1 Biochemical properties of phage display selected peptides 

and pantinin-1 

Two approaches were used to identify peptide-based inhibitors against CHIKV nsP2pro. First, 

phage display were performed, and six different peptides (named P1 to P6) with the highest 

enrichment and empty scores were selected (Section 3.1, Table 4). As a second approach, a 

venom-derived peptide was evaluated as a potential inhibitor. Pantinin-1, an α-helical, 

amphipathic peptide derived from scorpion venom with known antimicrobial properties [156-

157], was selected as a candidate inhibitor of nsP2pro. 

To assess and validate whether the selected peptides from both approaches were functionally 

active and capable of inhibiting protease activity, a FRET-based inhibition assay (referred to 

as the primary inhibition assay) was performed. This assay revealed that four of the six phage 

display selected peptides inhibited nsP2pro activity and reduced protease catalytic activity by 

up to 50% (Section 3.1, Fig. 2A). The IC50 values indicated that peptide P1, with an IC50 of 4.6 

± 1.8 µM and complete inhibition at approximately 175 µM, exhibited the strongest inhibitory 

effect compared to P2 (IC50 = 194.7 ± 4.4 µM) and P5 (IC50 = 316.9 ± 7.1 µM) (Section 3.1, 

Fig. 3A-C; Fig. S7). Due to peptide aggregation under experimental conditions, the IC50 of P4 

could not be determined. 
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To confirm sequence specificity, three scrambled versions of peptide P1 were tested and 

showed low inhibitory effects on protease activity (Section 3.1, Fig. 2B), indicating that the 

inhibitory activity is sequence-dependent. These results underscore the strength of peptide 

diversity generated by phage display, while also highlighting its limitation, namely, that not all 

binders have functional inhibition. 

Additionally, the primary inhibition assay demonstrated that pantinin-1 is also capable of 

inhibiting protease activity, with an IC50 of 6.4 ± 2.04 µM. Increasing the concentration to 175 

µM resulted in complete inhibition of nsP2pro (Section 3.2, Fig. 1B-C). 

Various other inhibitors against CHIKV nsP2pro have been reported in the literature (Section 

3.1, Table 5). For example, Singh et al. identified two peptidomimetics, Pep-I (IC50 = 34 µM) 

and Pep-II (IC50 = 42 µM) [138], with inhibitory effects against nsP2pro. Compared to these, 

peptide P1 exhibits approximately ninefold lower IC50, indicating stronger inhibition. Pantinin-

1 also showed higher inhibition, with an IC50 approximately 6 times lower than those of Pep-I 

and Pep-II. A comparison with small molecules such as 1,3-thiazolbenzamide derivatives, 

including compound 10 (IC50 = 13.1 µM) and compound 10c (IC50 = 8.3 µM) [139], as well as 

Hesperetin (IC50 = 2.5 ± 0.4 µM), Hesperidin (IC50 = 7.1 ± 1.1 µM) [129], Telmisartan (IC50 = 5 

µM) [130], shows that pantinin-1 and peptide P1 possess comparable inhibitory effects in the 

low micromolar range. In contrast, the small molecule RA-0002034 exhibits a significantly 

higher inhibitory effect, with an IC50 of 0.058 ± 0.017 µM, likely due to its covalent binding to 

the enzyme’s active site [125]. 

Understanding the mechanism of inhibition is essential for developing lead compounds. To 

investigate the mode of inhibition for both peptide P1 and pantinin-1, inhibition mode assays 

were performed and analyzed using Lineweaver-Burk plots. The results showed an increase 

in the Michaelis-Menten constant (Km) and an interception point on the y-axis, indicating that 

the maximum reaction velocity (Vmax) remained unchanged (Section 3.1, Fig. 4A; Section 3.2, 

Fig. 1D). This indicates that both peptides act as competitive inhibitors [182, 183]. Competitive 

inhibitors bind to the active site of an enzyme, directly competing with the substrate [184]. A 

highlight of this inhibition type is its high specificity by binding to the active site and being used 

in the development of drugs with high specificity against the target, which reduces the 

probability of off-target effects. However, the efficiency of competitive inhibitors can be limited 

under conditions of high substrate concentration [185] such as in the case of the CHIKV p1234 

polyprotein, which may be abundant in infected host cells. In contrast, non-competitive and 

uncompetitive inhibitors bind to allosteric sites. Their highlight is that their efficacy is 

independent of substrate concentration [185]. Non-competitive inhibitors are usually used in 

development of drugs with multiple binding sites (lower specificity compared to competitive 

inhibitors) [185]. Uncompetitive inhibitors are often less utilized due to the requirement for an 

enzyme-substrate complex [185].  
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The equilibrium dissociation constant (KD) is another critical parameter for drug development. 

It reflects binding affinity, or the strength of interaction between two molecules, and provides 

insight into concentration-dependent interactions [186]. Methods for determining KD include 

surface plasmon resonance (SPR), microscale thermophoresis (MST), and biolayer 

interferometry (BLI) [187, 188].The KD of peptide P1, determined using MST, was 1.39 ± 0.61 

µM, indicating low micromolar affinity (Section 3.1, Fig. 4B). For pantinin-1, BLI analysis 

combined with Scatchard plot evaluation revealed a KD of 9.29 µM (Section 3.2, Fig. S2A-B). 

While both peptides have KD values in the micromolar range, peptide P1 exhibits 

approximately ninefold stronger binding affinity compare to the pantinin-1. In comparison to 

small molecules such as Hesperetin (KD = 31.6 ± 2.5 µM) [129], Hesperidin (KD = 40.7 ± 2.0 

µM) [129], and MBZM-N-IBT (KD = 6.14 ± 0.58 µM) [140], both peptides display considerably 

lower or similar KD values. However, it should be noted that the KD values of these molecules 

were determined using different methods, which may account for the variation in the constants 

and reduce the reliability of direct comparison. 

4.2 Cytotoxicity effects of peptide P1 and pantinin-1 

One of the critical aspects in drug development, especially before entering the late stages, is 

the evaluation of cytotoxicity [189]. Cytotoxicity testing provides essential information about 

the concentration at which a molecule induces cell death and helps assess potential off-target 

effects on healthy cells [189, 190]. One commonly used method to evaluate cytotoxicity is the 

MTT assay. This assay relies on the mitochondrial activity of viable cells to convert MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) into formazan crystals, which 

correlates with the number of viable cells [190]. To evaluate the cytotoxicity of peptide P1, two 

distinct MTT assays were performed: one with P1 dissolved in water and one with P1 dissolved 

in DMSO. The MTT assay with P1 dissolved in water revealed that peptide P1 exhibited low 

toxicity up to a concentration of 100 µM, with approximately 77% cell viability (Section 3.1, 

Fig. 4C). In contrast, the MTT assay with P1 dissolved in DMSO showed significantly higher 

toxicity, with cell viability dropping below 50% at a concentration of 100 µM (Section 3.1, Fig. 

4D). Other studies have reported that solvents such as DMSO can influence cell viability; 

specifically, DMSO has a toxic effect at concentrations above 1% [191]. To determine whether 

the observed toxicity in the DMSO-based assay was caused by the peptide or the solvent, a 

control MTT assay using different concentrations of DMSO was performed. The results 

revealed that DMSO alone reduced cell viability to below 50% at a concentration of 1% 

(Section 3.1, Fig. S10), which is comparable to the results observed in the P1 dissolved in 

DMSO assay. In other words, the observed toxicity was due to the solvent (DMSO), not peptide 

P1. The cytotoxicity effect of peptide P1 is comparable to peptidomimetics such as Pep-I, 

which showed low toxicity up to 100 µM in BHK-21 cells. In contrast, Pep-II showed no toxicity 
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up to 1 mM in BHK-21 cells [138]. However, it should be noted that, in addition to differences 

between peptides, different cell lines were used in this study and in the studies of Pep-I and 

Pep-II. This variation in cell lines can influence the outcomes of cytotoxicity evaluation and 

may affect the comparison between peptides. For example, Campoccia et al. reported that the 

antimicrobial peptide KSL showed different cytotoxic effects across three different cell lines 

[192]. Eberle et al. reported that two small molecules, Hesperetin and Hesperidin, exhibited 

low cytotoxicity, with over 70% cell viability at relevant concentrations [129]. Overall, 

comparison of the reported cytotoxicity data for Pep-I, Pep-II, Hesperetin, and Hesperidin 

suggests that peptide P1 exhibits low toxicity up to 100 µM, which is more than 20 times higher 

than its IC50 value, supporting its potential as a low-toxicity lead candidate. 

In comparison, cytotoxicity assays demonstrated that pantinin-1 has a higher cytotoxic effect 

compared to peptide P1 and other known inhibitors. Pantinin-1 exhibited cytotoxicity above 

20 µM; at 40 µM, cell viability dropped to approximately 50%, and at 60 µM and above, most 

cells were no longer viable. In contrast, peptide P1 showed only slight cytotoxicity beginning 

at 80 µM. The cytotoxicity of pantinin-1 may be attributed to its nature as an antimicrobial and 

hemolytic agent. As demonstrated by Zeng et al., pantinin-1 exhibited no hemolytic activity 

below 32 µM [157], which is consistent with the findings of this study. In comparison to the 

molecules mentioned above, pantinin-1 exhibits a higher cytotoxic effect.  

Overall, these results highlight that both peptides exhibit low cytotoxicity at concentrations well 

above their IC50 values (approximately 20 times higher in the case of P1 and around 4 times 

higher for pantinin-1), which suggests a safe margin for further development and supports 

their potential as inhibitory candidates. 
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4.3 Structural analysis and molecular docking of phage display 

selected peptides and pantinin-1 

To gain better insight into the structure of the selected peptides (P1-P6), the I-TASSER online 

tool (https://zhanggroup.org/I-TASSER/) was used to predict their 3D structures [193]. The 

predicted models for peptides P1, P3, and P5 exhibited a mixture of α-helical and random coil 

structures (Section 3.1, Fig. S8). In contrast, peptides P2, P4, and P6 consisted primarily of 

random coil structures. CD spectrometry analysis confirmed that peptides P1, P3, and P5 

displayed characteristic spectra of α-helical structures, with a minimum between 200 and 220 

nm and a maximum near 190 nm, aligning with the predicted models (Section 3.1, Fig. S8) 

[194]. The CD spectra of peptides P2, P4, and P6 showed a distinct minimum near 200 nm, 

indicating that these peptides primarily adopt a random coil structure, consistent with the 

predictions (Section 3.1, Fig. S8) [194]. The calculated secondary structure content from CD 

spectrometry and predicted models (Section 3.1, Table S3) showed that peptide P1 had the 

highest percentage of α-helical content compared to the other peptides. As Wang et al. 

described, α-helical structures play an important role in protein-protein interactions by 

stabilizing the complex [195] . In addition, a study on antimicrobial peptides has shown that a 

higher content of α-helical structure and hydrophobicity increases specificity and improves 

interaction with membranes (at least in prokaryotic membranes), leading to enhanced 

antimicrobial activity [196]. Furthermore, the α-helical structure can enhance hydrophobic 

interactions between non-polar amino acids on the amphipathic face of the helix and the lipid 

membrane [197]. This may explain the stronger inhibitory potential of peptide P1, in addition 

to its sequence specificity, and suggests that α-helical content contributes to the effectiveness 

of inhibition. 

In this study, molecular docking simulations under conditions (T = 310 K, pH 7.4, t = 20 µs) 

demonstrated that 13% of the protease adopts an open (active) conformation, while 87% 

remains in a closed state (Section 3.1, Fig. 5), which supports the crystallographic findings by 

Narwal et al., indicating that nsP2pro has a flexible active site flap that can lead to open or 

closed conformations of the active site [116]. Finally, blind docking was then performed using 

three different programs to predict the binding site of peptide P1 to nsP2pro. Notably, all 

programs predicted interactions near the active site, as shown in the most stable binding pose 

(Section 3.1, Fig. 6). The predominant binding conformations of P1 were obtained from an 

extended molecular dynamics simulation (Section 3.1, Fig. 6B). Per-residue free energy 

decomposition of peptide P1(VMPWDEWLTKRKPELP) revealed that W4 (−8.2 kcal/mol), M2 

(−4.8 kcal/mol), and W7 (−4.6 kcal/mol) significantly contributed to the binding of the peptide 

to the protease (Section 3.1, Fig. 7B). These residues are involved in hydrophobic interactions. 

Furthermore, residues W4 and W7 formed interactions with N1011 and Y1079 at the nsP2pro 
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substrate-binding site [116]. In addition, residues K10 and R11 are involved in intermolecular 

hydrogen bonding. These results are in agreement with the inhibition mode assay, which 

indicated that the peptide acts as a competitive inhibitor. 

Finally, to complement this analysis, molecular docking of nsP2pro with the peptide pantinin-1 

was performed using the same setup. The docking results showed that most predicted poses 

indicated binding at the active site (Section 3.2, Fig. 3A). However, ClusPro [198] and HDock 

[199] also predicted alternative binding sites located on the opposite side of the active site 

(Section 3.2, Fig. 3B-C). A comparison of these results with the inhibition mode assay revealed 

a discrepancy, as the in vitro assay showed that pantinin-1 acts as a competitive inhibitor of 

CHIKV nsP2pro. Therefore, the most stable model (Section 3.2, Fig. 3B; Pose 4), selected 

based on RMSD values and effective binding free energies (ΔGeff), was used for further 

analysis. This model showed that pantinin-1 binds at the active site region of the protease 

(Section 3.2, Fig. 4A), without directly interacting with the catalytic residues. 

Free energy decomposition revealed that amino acids L3, W7, F10, I13, and V14 in pantinin-

1 engage in hydrophobic interactions with nsP2pro and have the lowest per-residue binding 

free energies, highlighting their key role in the interaction. The per-residue free energy 

contribution of nsP2pro (Section 3.2, Fig. 4B) showed that residues Y1079, Y1047, and W1084 

had the most favorable ΔGeff values. These residues are part of the substrate-binding subunits 

S2, S3, and S4, suggesting that pantinin-1 likely binds at or near the substrate-binding site 

[116]. 

A comparison between the molecular docking results of pantinin-1 (GILGKLWEGFKSIV) and 

peptide P1 (VMPWDEWLTKRKPELP) shows that in both peptides, hydrophobic amino acids 

(particularly the conserved tryptophan residues) play a crucial role in the interaction, due to 

hydrophobic contacts between the peptide and the protease. Interestingly, both peptides also 

adopt an α-helical structure. As mentioned above, peptide P1 showed the highest α-helical 

content among the tested peptides. Previous studies suggest that α-helices can enhance 

hydrophobic interactions with lipid membranes [197] and, possibly in this case, with the 

protease substrate-binding site. A comparison with the synthetic nsP2pro substrate (ABCYL-

RAGG↓YIFS-EDANS) [129, 200], derived from the polyprotein sequence shows that all three 

sequences contain hydrophobic residues, although the specific amino acids differ. Overall, 

these results may support future efforts to design or optimize peptide-based inhibitors 

targeting CHIKV nsP2pro. 
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4.4 Nucleic acids effect on catalytic activity of nsP2pro 

Numerous studies have shown that nucleic acids can influence the activity of viral proteases, 

such as the foamy virus protease [170], 3Cpro of poliovirus [172], or Seneca Valley virus 

protease [201]. As summarized in section 3.3, Table 1, the binding of nucleic acids to viral 

proteases can either enhance or inhibit their enzymatic activity. To investigate the influence of 

nucleic acids on the protease activity of CHIKV nsP2pro, a HiTS-FLIP screen was performed 

to select single-stranded DNA (ssDNA) aptamer binders against nsP2pro (Section 3.3, Table 

3). The ten best-binding aptamers were selected and named DAC1-DAC10 (DNA against 

CHIKV). A primary activity assay revealed that all ten selected aptamers had the potential to 

enhance CHIKV nsP2pro activity (Section 3.3, Fig. 1). The most substantial enhancement was 

observed with DAC1, which increased protease activity by 6-fold compared to the control. 

DAC2, DAC6, DAC8, and DAC9 also showed strong enhancement, with increases of around 

5-fold. The lowest levels of enhancement were observed with DAC3, DAC4, and DAC5. To 

evaluate concentration dependency, the same assay was repeated using a 1:3 ratio of 

protease to DAC. Interestingly, this condition resulted in a reduction of activity compared to 

the 1:1 ratio. For example, in the presence of DAC1 and DAC2, enhancement dropped to 

around 3-fold compare to 1:1 ratio. Previous work by Yin et al. demonstrated that nucleic acids 

can induce protein aggregation in proteins such as tau and α-synuclein [202]. Based on this, 

the observed reduction in activity at higher DAC concentrations may be due to protein 

aggregation induced by the nucleic acids. To evaluate the sequence dependency of DAC-

induced activity enhancement, a random non-specific ssDNA oligonucleotide was tested. As 

shown in section 3.3, Fig. 2A, the non-specific ssDNA also increased protease activity by up 

to 6-fold, similar to DAC1. Further analysis revealed that activity enhancement occurred in the 

presence of ssDNA, while double-stranded DNA (dsDNA) did not increase protease activity 

(Section 3.3, Fig. 2A). 

In addition to ssDNA, single-stranded RNA (ssRNA) was tested to determine its effect on 

activity. Two ssRNA oligonucleotides, RAC1 (5-mer) and RAC2 (10-mer), were designed 

based on CHIKV genome sequences (Section 3.3, Table S1) and subsequently tested. The 

assay showed that RAC2 enhanced activity approximately 6 times (Section 3.3, Fig. 2B) 

compare to the control, whereas the shorter ssRNA (RAC1) did not show any enhancement. 

Single nucleotides were also tested at two different protease:nucleotide ratios (1:1 and 1:3). 

At a 1:1 ratio, there was no effect on catalytic activity, and only a slight, non-significant increase 

was observed at the 1:3 ratio (Section 3.3, Fig. 2C). These results indicate that both ssRNA 

and ssDNA can enhance protease activity, and that this enhancement is length-dependent, 

requiring a minimum oligonucleotide length for a measurable effect. 
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4.5 Buffer composition alters nucleic acid-mediated activation 

of nsP2pro 

To evaluate the impact of buffer composition on nucleic acid-mediated activation, DAC8 

(ssDNA aptamer) and RAC2 (ssRNA) were chosen as representative oligonucleotides. Their 

enhancement potential was tested in three different buffers: 20 mM Bis-Tris propane (pH 7.5), 

20 mM phosphate buffer (pH 7.5), and 20 mM Bis-Tris propane supplemented with 400 mM 

NaCl (pH 7.5). At a 1:1 molar ratio, DAC8 in both Bis-Tris propane and phosphate buffer 

showed a higher enhancement effect compared to RAC2 (Section 3.3, Fig. 3A). However, at 

a 1:3 molar ratio in Bis-Tris propane, the activity enhancement of RAC2 reached 15 times the 

activity of the control, which was significantly higher than that of DAC8 in the same buffer 

(Section 3.3, Fig. 3B). Experiments conducted in Bis-Tris propane supplemented with 400 mM 

NaCl showed that both oligonucleotides were unable to increase protease activity at both 

molar ratios. These results suggest a possible electrostatic interaction between nucleic acids 

and the protease. As shown in other protein such as HIV-1 NCp7, which also exhibits 

electrostatic interactions with nucleic acids similar to this study [203]. It is also possible that 

other interactions, such as hydrogen bonds (like DNA binding to zinc finger proteins) [204] or 

cation–π interactions (like the binding of the stair motif to DNA) [205], are involved. However, 

more research is needed to confirm and fully understand the types of interactions involved in 

CHIKV nsP2pro-nucleic acid binding. Previous studies have shown that high salt 

concentrations can interfere with protein-nucleic acid binding, such as observed with the 

hsRosR protein, by altering solvent properties or changing the electrostatic environment [206, 

207]. This may explain the lack of enhancement observed in the presence of high salt 

concentrations. In other words, ions can act as shields and may even cause conformational 

changes in nucleic acids or proteins, interfering with the electrostatic attraction between 

negatively charged nucleic acids and positively charged amino acid residues of the protein, 

thus weakening the free energy of binding [206]. In addition, it has been shown that changes 

in pH can affect the binding of nucleic acids to proteins by altering the net charge and, 

consequently, the complex formation [208]. For example, the Sp1 protein (a member from the 

zinc finger family) showed a 7-fold increase in binding when the pH decreased from 8.0 to 6.0 

[208]. Another example is the methionine repressor transcription factor, whose binding to DNA 

decreased when the pH increased [208]. This is another point that should be investigated 

further in the context of nucleic acid-CHIKV nsP2pro interactions. 
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4.6 Structural characterization and in silico study of nucleic 

acids and nsp2pro 

The structures of the DNA aptamers were investigated using the DINAMelt Server-Quikfold 

web tool [209] and CD spectrometry. The predicted structures indicated that all aptamers 

adopted secondary structures containing hairpin formations of varying lengths and sizes 

(Section 3.3, Figs. S4-S5). CD spectrometry revealed that all aptamers exhibited positive 

peaks at approximately 280 nm and 220 nm, and a negative peak near 245 nm (Section 3.3, 

Figs. S6-S8). These results are characteristic of B-form DNA and align with the predicted 

structures [210]. In addition, the structure of the RAC1 and RAC2 were analysed by CD 

spectrometry. In addition, the structures of RAC1 and RAC2 (ssRNA oligonucleotides) were 

analyzed using CD spectrometry. The CD spectrum of RAC1 showed reduced ellipticity across 

the wavelength range (Section 3.3, Fig. S8), indicating that RAC1 exists in an unfolded state. 

In contrast, the CD spectrum of RAC2 exhibited a positive peak around 270 nm (Section 3.3, 

Fig. S8), suggesting that RAC2 contains an A-form RNA helical structure [211]. As shown in 

section 3.3, Figs. 1 and 2B, RAC2 and all DNA aptamers enhanced protease activity, while 

RAC1 did not. As discussed in section 4.4, increased protease activity requires a minimum 

nucleic acid length. Structural analysis further demonstrated that well-structured nucleic acids 

can enhance catalytic activity, unlike unfolded ones such as RAC1. Together, these findings 

suggest that, in addition to length, the secondary structure of the nucleic acids may also play 

a critical role in nsP2pro activation. To gain deeper insight into nucleic acid binding to nsP2pro, 

potential binding sites were predicted using the PROBind webserver. The results showed that 

14 amino acid residues are involved in DNA binding and 23 residues in RNA binding. Further 

analysis revealed that both DNA and RNA bind predominantly to the methyltransferase 

domain. However, five amino acids (1054NE1055, 1050E and 47YS48) in the protease domain were 

also predicted to interact with RNA. Although the prediction indicated that most nucleic acid 

interactions occur within the methyltransferase domain, the binding residues for DNA and RNA 

differed. The predicted DNA-binding regions included 1281RSSR1284 and 1305DNGRR1309, while 

RNA-binding regions included 1308RRN1310, 1241QML1243, 1183TKR1185, 1165K(I)NGH1169 (except 

I) (Section 3.3, Fig. S9). To compare these predictions with experimental aptamers used in 

this study (DAC1, RAC1, and RAC2), blind molecular docking was performed using AlphaFold 

3 and HDOCK. The docking results showed that nucleic acids bind to regions consistent with 

PROBind predictions. Comparison between AlphaFold and HDOCK results showed slight 

differences in binding poses, but both pointed to interactions with the methyltransferase 

domain. These findings suggest that nucleic acids bind primarily to the methyltransferase 

domain of nsP2pro (Section 3.3, Fig. 4-5). However, further experimental validation and 

evidence is necessary to confirm these interactions. 
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4.7 Nucleic acids decrease the inhibitory potential of peptide P1 

In sections 4.1 and 4.4, the individual effects of peptide P1 and nucleic acids on CHIKV nsP2pro 

were discussed. To investigate whether the presence of nucleic acids could alter the inhibitory 

potential of peptide P1, an assay was performed using a mixture of P1 and DAC8 (a 

representative nucleic acid). As shown in section 3.4, peptide P1 alone reduced protease 

activity to below 50%, while DAC8 significantly increased activity. However, the combination 

of P1 and DAC8 resulted in a decrease in protease activity of approximately 5-fold compared 

to DAC8 alone, but the activity was still about 10 times higher than that observed with peptide 

P1 alone. These findings highlight the important role of nucleic acids in modulating protease 

activity and suggest that their influence may may need to be taken into account in future efforts 

to develop therapeutic inhibitors targeting CHIKV nsP2pro. 

4.8 Phage display selected peptides or natural peptides? A 

comparative assessment for future research and development 

To provide an overview of the strengths and limitations of the two inhibitors, peptide P1 (the 

peptide selected from phage display with the strongest inhibitory effect) and pantinin-1 (a 

naturally occurring peptide derived from scorpion venom) are compared in Table 6. Both 

peptides demonstrated inhibitory activity in the micromolar range; however, peptide P1 

exhibited a lower IC50 value, indicating higher potency. Interestingly, molecular docking and 

structural analysis of the two peptides revealed that both utilize hydrophobic interactions to 

bind to the protease and display a high α-helical content compared to the other phage display 

selected peptides. This suggests that the loss or absence of α-helical structure may reduce 

inhibitory efficiency, making it a critical factor in protease inhibition. Additionally, the presence 

of hydrophobic amino acids such as tryptophan, which is conserved in both peptide P1 and 

pantinin-1, should be considered in future optimization steps. One key difference between the 

peptides is cytotoxicity. Peptide P1 exhibited significantly lower cytotoxicity compared to 

pantinin-1, causing minimal cell death even at concentrations up to 100 µM, which is well 

above its IC50. 

Taken together, these findings suggest that peptide P1 may represent a more favourable 

starting point and could serve as a lead candidate for future optimization and antiviral 

development. 

 

 

 



127 
 

Table 6. Comparative overview of peptide P1 and pantinin-1 

Peptide Peptide P1 Pantinin-1 

Origin Artificial, selected via 

phage display 

Natural, derived from 

scorpion venom 

Structure α-helical, high α-helical 

content 

α-helical, amphipathic 

Cytotoxicity Low-toxic up to 100 µM Toxic above 20 µM 

Inhibition type Competitive Competitive 

Binding site Substrate-binding region 

near active site 

Substrate-binding region, 

different subunit compared 

to P1 

Key residues Hydrophobic amino acids 

(Trp) 

Hydrophobic amino acids 

(Trp) 

Interactions  Hydrophobic + H-bonds  Hydrophobic interactions 

IC50 4.6 ± 1.8 µM 6.4 ± 2.04 µM 

Affinity (KD) 1.39 ± 0.61 9.29 µM 

Potential advantages Low toxicity, specificity, 

synthetic flexibility 

Natural activity, membrane 

permeability 

Limitations Requires 

synthesis/optimization 

Higher cytotoxicity, less 

specific,  
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5. Conclusion and outlook 
In the wake of accelerating climate change and increased global mobility, arboviruses such as 

chikungunya virus (CHIKV) are expanding into new regions, presenting a growing threat to 

global public health. As vector-borne diseases continue to spread, the development of 

targeted antiviral strategies becomes increasingly urgent. CHIKV replication depends on the 

protease activity of the non-structural protein 2 (nsP2pro), which is responsible for cleaving the 

viral polyprotein p1234. This essential function makes nsP2pro a promising target for antiviral 

drug development. In this study, two distinct approaches were used to identify inhibitors 

against CHIKV nsP2pro. In the first approach, phage display was employed to identify six 

peptides, whose inhibitory potential was evaluated. Peptide P1 was found to be the most 

potent, with an IC50 of 4.6 ± 1.8 µM and a binding affinity in the low micromolar range. 

Biochemical and biophysical analyses demonstrated that P1 adopts an α-helical structure and 

acts as a competitive inhibitor by binding to the substrate-binding site. Molecular docking 

predicted its binding site and identified key residues involved in the interaction with nsP2pro. In 

the second approach, a peptide derived from animal venom, pantinin-1, was investigated as 

a potential inhibitor. Pantinin-1 is a small α-helical, amphipathic peptide from scorpion venom 

with known antimicrobial activity. This study revealed that pantinin-1 can inhibit the catalytic 

activity of nsP2pro, with an IC50 of 6.4 ± 2.04 µM and a dissociation constant (KD) of 9.29 µM. 

Similar to P1, both in vitro and in silico studies confirmed that pantinin-1 acts as a competitive 

inhibitor and binds to the substrate-binding site, but at a different subunit. Interestingly, both 

peptides were found to have α-helical structures, indicating a potentially important role for this 

structural motif in protease binding. Further studies, such as in silico alanine scanning and 

biophysical methods (e.g., NMR or X-ray crystallography), are needed to confirm the predicted 

binding models and further characterize critical interaction residues. In addition, molecular 

dynamics simulations may support the optimization of these peptides to improve binding 

affinity and inhibitory potential. Cytotoxicity assays in Vero cells showed that peptide P1 was 

non-toxic up to 100 µM, while pantinin-1 exhibited higher toxicity, with approximately 50% cell 

viability observed at 40 µM. However, this concentration is still more than three times higher 

than the IC50 of pantinin-1. Future studies should evaluate cytotoxicity in human cell lines such 

as HEK293 to better understand potential side effects in therapeutic applications. Most 

importantly, antiviral activity assays in infected cell cultures are required to assess the 

peptides’ ability to inhibit viral replication and determine their EC50 values. In addition to 

peptide screening, the effect of nucleic acids on nsP2pro activity was explored. In vitro studies 

revealed that protease activity can be enhanced by single-stranded nucleic acids. This 

enhancement may not sequence-specific but appeared to depend on oligonucleotide length 

and structure. Folded nucleic acids, such as DAC1 and RAC2, were able to increase activity, 
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whereas unfolded or short strands like RAC1 showed no effect. Structural analysis and 

molecular docking suggested that nucleic acids bind primarily to the methyltransferase domain 

of nsP2pro, with a few potential RNA interaction residues also located within the protease 

domain. However, these predictions require confirmation by structural studies and cell-based 

validation. A molecular investigation of P1 revealed that a flexible interdomain loop contributes 

to open and closed conformations of the active site. Specifically, the flap formed by residues 

A1080-H1083 can shift in proximity to or away from residues N1202-L1207 (NLELGL) in the 

methyltransferase domain. Based on this, we hypothesize that nucleic acid binding to the 

methyltransferase domain could promote the open conformation of nsP2pro. Nonetheless, 

further experimental validation is required to support this model. Finally, it was shown that in 

the presence of nucleic acids, the inhibitory potential of peptide P1 was significantly reduced 

compared to its effect in isolation. This suggests that nucleic acids play a crucial modulatory 

role and should be considered when designing and developing antiviral inhibitors targeting 

CHIKV nsP2pro. 
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