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Abstract  

The emergence of SARS-CoV-2 VOCs, and other zoonotic coronaviruses with 

pandemic potential, research efforts focus on vaccines and antibodies targeting the most 

conserved regions of the spike protein. Middle East Respiratory Syndrome Coronavirus 

(MERS-CoV) continue to pose significant global health threats. Across the coronavirus 

family, the receptor binding domain is poorly conserved, and so therapeutics that target 

the receptor binding function have low potential as a pan-coronavirus solution. An 

alternative relatively conserved target on the coronavirus spike is the stem helix in S2 

region, which does harbor neutralizing epitopes and therefore is of interest to generate 

vaccines effective against pan-beta-coronaviruses. 

Monoclonal antibodies (mAbs) possessing broad neutralization capabilities 

against HCoVs offer a promising avenue for treatment, as there is currently no vaccine 

or treatment approved against MERS-CoV. This thesis leverages computational 

methodologies, notably Autodock Vina and HADDOCK, to explore the neutralizing 

effects of broad neutralizing antibodies (bnAbs) targeting the stem helix of MERS-CoV 

and SARS-CoV-2. Through method optimization and validation against experimental 

data, the study aims to efficiently identify potential drug candidates among bnAbs. This 

approach promises to reduce resource expenditure and streamline subsequent clinical 

investigations, potentially accelerating targeted therapy development against MERS-

CoV while minimizing research costs. 

Referencing Zhou et al.'s comprehensive study, which isolated a substantial 

panel of β-CoV stem-helix bnAbs, structural analyses of these bnAbs unveiled the 

molecular underpinnings of their broad reactivity. The study determined crystal 

structures of four bnAbs (CC25.106, CC95.108, CC68.109, and CC99.103) in complex 

with beta-coronavirus spike stem-helix peptides at resolutions ranging from 1.9 to 2.9 

https://www.sciencedirect.com/topics/immunology-and-microbiology/zoonotic
https://www.sciencedirect.com/topics/immunology-and-microbiology/coronavirinae
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Å. Employing molecular docking simulations via Autodock Vina and HADDOCK2.4, 

this investigation aims to predict binding modes and affinities of five bnAbs 

(CC25.106, CC95.108, CC99,103, CC9.113, CC25.36) against the stem helix epitopes 

of both viruses. Additionally, it explores dynamic behavior and conformational changes 

of these complexes through molecular dynamics simulations. 

The analysis integrates PyMOL visualization to elucidate and interpret binding 

modes, emphasizing crucial residue interactions governing binding specificity, affinity, 

and stability of bnAb-stem helix complexes. The synthesis of computational outcomes 

with experimental data and existing literature aims to enhance the reliability and 

relevance of findings. By elucidating the molecular mechanisms governing bnAb 

interactions with conserved MERS-CoV epitopes, this study seeks to contribute to the 

development of broad-spectrum antiviral strategies targeting coronaviruses. Evaluated 

across both viruses, the assessment of five distinct bnAbs reveals comparable 

neutralization potency against SARS-CoV-2 and heightened efficacy against 

replication-competent MERS-CoV. Notably, while CC25.106 displayed superior 

performance in combating beta-coronavirus disease, CC9.113 emerged as a promising 

therapeutic candidate due to its favorable binding characteristics. Despite inherent 

limitations, this study underscores CC9.113's potential for therapeutic development 

against coronaviruses, advocating for further exploration across a broader spectrum of 

bnAbs to streamline future therapeutic initiatives. 
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Summary 

Background 

MERS-CoV, a severe respiratory virus identified in 2012 within the coronavirus 

family, primarily spreads through contact with infected dromedary camels, causing 

high-fatality respiratory illness. Recent cases, originating in the Arabian Peninsula, 

stem from zoonotic transmission. The virus has a 2 to 10-day incubation period, leading 

to pneumonia, acute respiratory distress syndrome, and multiorgan failure, especially 

in older adults. No specific drugs target MERS-CoV; treatment focuses on symptom 

management, hydration, and supportive care. Control measures include early diagnosis, 

suspected case isolation, and public health awareness. Coronaviruses, featuring spike 

glycoproteins like the Receptor Binding Domain (RBD) and S2 subunit, are crucial for 

viral entry. Antibodies targeting RBD show promise, but variations pose challenges. 

Focusing on the conserved S2 subunit and stem-helix region offers broader targeting. 

Stem-helix broadly neutralizing antibodies (bnAbs) exhibit cross-reactivity against 

coronaviruses, including SARS-CoV-2 and SARS-CoV-1. Research on bnAbs provides 

insights into molecular features, neutralizing mechanisms, and structural recognition, 

aiding vaccine development. Understanding bnAbs contributes significantly to 

effective therapeutics and preventive measures against emerging coronaviruses. 

Aim of study 

This work aims to employ computational methods to assess the neutralizing 

potential of select broadly neutralizing antibodies (bnAbs) against the MERS stem 

helix. The study involves conducting docking simulations on previously examined 

complexes to validate and compare outcomes. Furthermore, it includes docking 

experiments of bnAbs with SARS-CoV-2 to substantiate the hypothesized broad 

neutralization ability of these monoclonal antibodies against different coronaviruses. 
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Methods  

This study employed molecular docking programs, namely AutoDock Vina and 

HADDOCK 2.4, to investigate the interactions between five selected broad neutralizing 

antibodies (bnAbs) and the stem helices of both SARS-CoV-2 and MERS-CoV. The 

computational analysis was complemented by utilizing PyMOL for result visualization. 

Results 

Analysis of HADDOCK scores and affinity scores for the interactions between 

selected bnAbs and SARS-CoV-2/MERS-CoV stem helices revealed CC25.106 and 

CC9.113 as potent candidates. While CC25.106 demonstrated strong HADDOCK 

scores and established experimental broad neutralization efficacy, a comparative 

analysis indicates CC9.113 as a promising candidate due to its favorable affinity scores 

and potential therapeutic efficacy against both coronaviruses. Evaluation of RMSD, Z-

scores, and interacting residues supported CC25.106's effectiveness against HCoV stem 

helices. Despite the absence of experimental data, CC9.113 showcased promising 

characteristics, indicating its potential as a therapeutic agent against coronaviruses. 

Conclusions 

CC9.113's Therapeutic Potential: Findings suggest CC9.113's promising role as 

a therapeutic candidate due to its favorable interactions and binding characteristics. 

Further experimental validation is recommended to confirm its potential in therapeutic 

development against coronaviruses. The study's limitations, focusing on two bnAbs due 

to time constraints and limited access to docking programs, highlight the need for 

broader comparative analyses in future investigations. Expanding comparisons can 

enhance accuracy, minimizing resource usage in therapeutic development against 

coronaviruses. 

Keywords 

MERS-CoV, bnAbs, CC9.113, AutoDock Vina, HADDOCK2.4. 
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Introduction  

MERS-CoV (Middle East Respiratory Syndrome Coronavirus) is an enveloped 

virus that expresses a positive-sense single-stranded RNA. MERS-CoV, like all 

coronaviruses, is a spherical or pleomorphic in shape with spike proteins on its surface. 

These spike proteins resemble the crown-like appearance of the virus, hence the name 

"corona."[1,2,3,4] 

Beta-coronaviruses (β-CoV) that infect humans exhibits significant genome 

diversity.[5] MERS-CoV, categorized within the lineage C beta-coronaviruses,[5] is 

the second reported example of a zoonotic coronavirus that results in severe respiratory 

infection with high mortality rate in humans after SARS-CoV-2. [6] 

MERS-CoV is the sixth known human coronavirus initially detected in Saudi 

Arabia in 2012. Currently,  the  virus continues to infect humans with high rates of 

morbidity and mortality. [4,7,8] MERS is a lethal coronavirus (CoVs) that have caused 

dreadful epidemic or pandemic in a large region or globally. [8] Human infections with 

MERS-CoV have been reported in at least 27 countries. [4,7] 

 

Figure 0-1 Global distribution map of Middle East respiratory syndrome coronavirus 

(MERS-CoV)[56] 
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New MERS-CoV cases are still being reported especially in the Arabian 

Peninsula, Qatar and Saudi Arabia. [9,10,11,12] This is partly due to the continuous 

zoonotic introduction of this virus to the human population in this region by 

dromedaries. The dromedary camel is the only animal species that has been reported to 

transmit this virus to humans. [10,11,12] 

Although MERS-CoV is less transmissible than SARS-CoV-2, but the fatality 

rate (∼35%) is much higher than that of SARS-CoV-2. Most surprisingly coinfection 

of SARS-CoV-2 and MERS-CoV in some patients could result in the emergence of a 

new β-CoV clade, e.g. SARS-CoV-3 or MERS-CoV-2. It was susbected to occur from 

genetic recombination between SARS-CoV-2 and MERS-CoV, resulting in a high 

transmission rate like SARS-CoV-2 and a high MERS-CoV-like case-fatality rate [9]. 

Between 13 September 2022 to 12 August 2023, the Ministry of Health of KSA 

reported three additional cases of Middle East respiratory syndrome coronavirus 

(MERS-CoV), with two associated deaths. The cases were reported from Riyadh, 

Asser, and Makkah Al Mukarramah regions. [10,11,12] All three cases were non-

health-care workers, had symptoms like fever, cough, and shortness of breath, and had 

comorbidities. Two of the three cases had a history of contact with dromedary camels 

and all of them had a history of consuming raw camel milk in the 14 days prior to the 

onset of symptoms [12]. 

MERS-CoV is a zoonotic virus, studies have shown that humans are infected 

through direct or indirect contact with infected dromedary camels, with the exact route 

of transmission remains unclear.[13] It primarily spreads among humans via the 

consumption of the animal's meat or milk, leading to considerable illness and mortality. 

It may replicate in the upper respiratory tract and lungs of dromedary camels, leading 

to upper respiratory tract infections. [14,15,16] 
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Figure 0-2 Schematic depiction of the transmission pattern of MERS-CoV and symptoms 

possessed by infected individual[58] 

Recent research suggests a potential airborne transmission of MERS-CoV, 

through three main transmission routes (long‐range airborne, close contact, and fomite). 

Human-to-human transmission of MERS commonly occurs in unprotected contact in 

healthcare settings and close household contacts of infected individuals, through 

exposure to respiratory droplets carrying the virus, often released when an infected 

person coughs or sneezes. [15,16,17] 
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I. Background and Literature Reviews 

II.1. Entering Mechanism of MERS 

Understanding how MERS-CoV enters human cells is crucial for developing 

effective treatments. The virus operates by evading the body's natural antiviral immune 

response as part of its pathogenic activity. [18] 

Coronavirus (CoV) infection initiates when the viral particle recognizes a host 

cell receptor and merges its membrane with the host cell membrane, mainly occurring 

in the lower respiratory tract. The entry of MERS-CoV, involving receptor binding and 

membrane fusion, is regulated by the viral spike (S) protein. [19,20,21,22]  

The exterior of coronavirus virions is decorated with a sizable trimeric spike (S) 

glycoprotein responsible for facilitating cell entry. In the case of MERS-CoV, the S 

glycoprotein begins as a single-chain precursor and undergoes cleavage by furin-like 

host proteases, resulting in the formation of the S1 and S2 subunits. The mature S 

protein exists as a homotrimer composed of non-covalently linked S1 and S2 subunits. 

Within this structure, a trimer of S1 acts as a fusion-suppressive cap situated atop a 

trimer of S2 subunits. [20,21,22] 

Recently, DPP4 (dipeptidyl peptidase 4), also known as T-cell activation 

antigen CD26, was identified as the cellular receptor for MERS-CoV. When the MERS-

CoV spike protein engages with CD26, [22,26,27,28,48] a large irreversible 

conformational change of S2 mediates fusion of the viral and host-cell membranes, 

initiating the infection process. [20,21,22] 
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Figure I-1 Schematic of the replication cycle of Middle East respiratory syndrome 

coronavirus (MERS-CoV)[57] 

 

CD26 marks the third peptidase recognized as a functional receptor for 

coronaviruses. It's a type-II transmembrane glycoprotein found abundantly in non-

ciliated bronchial epithelium, kidney, small intestine, liver, parotid gland, and even in 

the testis and prostate. Notably, MERS-CoV can utilize the evolutionarily conserved 

DPP4 protein from various species, prominently identified in bats. [22,26,27,28] 

Upon attachment of MERS-CoV, the virus's envelope merges with the cell 

membrane, releasing its genetic material into the host cell. The viral RNA undergoes 

replication and translation within the host cell, generating new viral particles. These 
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newly formed viruses have the capability to infect nearby cells, consequently 

propagating the infection [19] 

II.2. Structure of MERS-CoV 

The genome of MERS-CoV consists of a single, positive-stranded RNA that 

encodes a minimum of 10 open reading frames (ORFs). These ORFs are translated into 

four primary viral structural proteins: the spike (S) protein, envelope (E) protein, 

membrane (M) protein, and nucleocapsid (N) protein. [20,25] Additionally, it encodes 

numerous accessory proteins, such as 3, 4a, 4b, 5, and 8b, whose origins and functions 

remain unknown. [25] 

The E protein resides mainly within the intracellular membranes of the virus 

and serves a significant function in viral assembly, budding, and intracellular 

movement. Research by Surya et al. in 2013 indicated that coronavirus E proteins 

typically 76–109 amino acids and are expected to contain at least one α-helical 

transmembrane region. Subsequently, it was determined that the E protein consists of a 

total of 82 amino acid residues. 

The M protein, part of the viral envelope, contributes to virus assembly and 

morphogenesis by interacting with other viral proteins. 

The S, M, and E proteins are integrated into the rough endoplasmic reticulum 

membrane and are transported toward the endoplasmic reticulum-Golgi region. There, 

they engage with the N proteins, forming viral particles. This interaction ultimately 

disrupts the fusion of cellular and viral membranes. Consequently, the development of 

fusion peptides could hold substantial promise in peptide-based therapeutic approaches. 

[20] 
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Figure I-2 Structure and genomic organization of MERS-CoV[59] 

 

The spike (S) protein of MERS-CoV is a type I transmembrane glycoprotein 

situated on the virus envelope's surface, forming spikes in a trimeric arrangement. 

These spikes create the distinctive appearance of the virus. [1,20,22, 24] On the viral 

surface, the S protein takes on a mushroom-shaped pre-fusion (PreF) conformation, 

with S1 receptor-binding domains (RBDs) positioned farthest from the viral membrane. 

To bind to host receptors, these RBDs undergo conformational alterations, assisted by 

protease cleavage events. These changes allow the metastable S2 domain to undergo a 

refolding process, transitioning into a low-energy, rod-shaped coiled-coil structure 

known as the post-fusion (PostF) S conformation. The structures of both preF and postF 
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S represent the initial and final conformations of the S protein, orchestrating the 

sequence leading to membrane fusion. [5,29,30,31,32]  

The S protein of MERS-CoV is integral to virus entry and infection. This 

protein, consisting of 1353 amino acids, forms trimers that create the spikes or 

peplomers on the enveloped coronavirus particle's surface. It is characterized by heavy 

glycosylation, featuring a substantial extracellular domain and a relatively short 

cytoplasmic terminal. [1,22,24] 

The S protein plays a pivotal role in CoV tropism and disease severity by 

facilitating viral entry, binding, and fusion. Proteolysis occurs between the S1 and S2 

segments, crucial for these functions. [20,22,24,35] Various host proteases have the 

capability to cleave the S protein of MERS-CoV. For instance, furin contributes in two 

distinct steps during the activation process of cleavage in infection. Initially, furin 

targets the R751/S752 position, cleaving the S protein during its biosynthesis. 

Subsequently, after viral entry, furin further digests S2 to S2′ at the R887/S888 position, 

located adjacent to the fusion peptide. [35] 

The S1 subunit of the S protein is tasked with binding to the cellular receptor 

(DPP4) via its receptor-binding domain (RBD) region. This critical interaction 

facilitates viral entry into host cells. Conversely, the S2 subunit encompasses two 

regions known as heptad repeats 1 and 2 (HR1 and HR2), which combine to form a 

complex termed the fusion core. This structural arrangement serves as a fundamental 

architecture for membrane fusion processes involved in viral entry. 

[5,20,22,24,29,30,31,32] 

Cryo-electron microscopy (cryo-EM) examinations of different β-

coronaviruses have unveiled a four-domain structure within the S1 subunit. This 

architecture comprises an N-terminal domain (NTD), a C-terminal domain (CTD), 
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along with subdomains I and II, delineated as internal and external subdomains, 

respectively. [20,21,22] 

Among CoVs, the internal subdomains tend to maintain a relatively conserved 

structure. However, the external subdomains exhibit substantial variability across 

CoVs. These external subdomains primarily engage in receptor binding, leading to the 

utilization of different receptors among CoVs due to these variations. [1] 

In the case of most β-coronaviruses, including MERS-CoV, the S1-CTD is 

employed for binding to their respective functional receptors. [20,21,22] The S1 

proteins of MERS-CoV exhibit dynamic structural changes, oscillating between open 

and closed conformations. Within this dynamic behavior, each of the three S1-CTDs 

can take on either a compact "down" conformation, concealing the receptor-binding 

surface, or an "up" conformation, which facilitates interaction with host-cell receptors.  

Researchers hypothesize an equilibrium between these conformations, where binding 

to the receptor favors the "up" conformation of all three CTDs. This results in an 

unstable three CTD "up" arrangement, triggering the dissociation of S1 and prompting 

the refolding of S2. [20,21,22] 
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Figure I-3 Schematic illustration of the genomic structure and the life cycle of the MERS-

CoV[60] 

In the S2 subunit, the heptad repeat 1 (HR1) region undergoes a homo-trimeric 

assembly, revealing three significantly conserved hydrophobic grooves on its surface. 

These grooves serve as binding sites for heptad repeat 2 (HR2). As part of the fusion 

process, this interaction leads to the formation of a six-helix bundle (6-HB) core 

structure.  This 6-HB structure plays a critical role by facilitating the convergence of 

viral and cellular membranes, bringing them into close proximity. This proximity is 

essential for the fusion of the viral and cellular membranes, enabling viral entry into 

the host cell. [21] 
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II.3. Immuno-response 

The body's immune system reacts to the infection by initiating an immune 

response, which, in some cases, can become overly active, leading to severe symptoms. 

Type I interferon (IFN) serves as the primary defense against viruses, playing a pivotal 

role in initiating the host's antiviral responses. When a virus infects the body, the innate 

immune system is activated through specific proteins known as pattern recognition 

receptors (PRRs). These receptors can identify viral components like single-stranded 

RNA (ssRNA). Consequently, the innate immune system triggers the release of 

cytokines, which act as signaling molecules coordinating the immune response. This 

response helps impede the virus's replication within the body. [38] 

N protein of CoV can hinder the production of type I interferon (IFN) through 

various mechanisms. It interferes with the interaction between two crucial proteins, 

triple motif protein 25 (TRIM25) and retinoic acid-inducible gene I (RIG-I). 

Additionally, it binds to the E3 ubiquitin ligase of TRIM25. This binding activity 

disrupts the ubiquitination process, preventing the activation of RIG-I mediated by 

TRIM25. Ultimately, this interference with the TRIM25-RIG-I interaction and the 

inhibition of ubiquitination impede the activation of RIG-I, resulting in the inhibition 

of IFN production. This indicates that the N protein of CoV plays a regulatory role in 

the host's immune response against the virus by controlling the production of IFN. [1] 

MERS-CoV infiltrates and replicates within macrophages, leading to the 

induction of MHC-I, MHC-II, and co-stimulation-related genes.[39] This activates the 

adaptive immune system, particularly involving T cells and B cells, which play vital 

roles in combating the infection. Cytotoxic T cells among T cells assist in eliminating 

infected cells, while B cells produce antibodies capable of neutralizing the virus.  CD4+ 

T cells are crucial for virus-specific antibody production by activating B cells in a T-
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dependent manner. Meanwhile, CD8+ T cells function as cytotoxic agents, targeting 

and eliminating virus-infected cells.  For diagnosing MERS-CoV infection, the 

detection of specific antibodies against the virus in human serum is confirmatory. 

However, these antibodies typically become detectable around days 14–21 post-

infection. Their concentrations increase over time and can persist for more than 18 

months. The long-term antibody response varies based on the severity of the infection, 

highlighting the importance of understanding the potency and duration of the adaptive 

immune response to MERS-CoV infection. [39,40] 

Absolutely, humoral immune responses are intricate, encompassing diverse 

arrays of polyclonal antibody species. These antibodies differ in their isotypes, which 

dictate their functional properties, target epitope specificity, and affinity for the specific 

antigens they recognize. This diversity in the humoral response allows for a broad and 

adaptable immune defense against a variety of pathogens and antigens. [41] 

Understanding the immune response mechanism triggered by MERS-CoV 

infection is pivotal for developing effective vaccine candidates. An ideal vaccine should 

robustly stimulate both cellular and humoral immunity. Creating vaccines that enhance 

both arms of the immune system will be crucial in providing comprehensive protection 

against MERS-CoV. [39,40] 
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Figure I-4 The proposed schematic representation of the immune response to MERS-CoV 

infection and how the invading virus is processed during an infection.[59] 

II.4. Symptoms and Therapy 

Absolutely, MERS-CoV remains a significant public health concern, 

particularly in the Middle East. The absence of effective antiviral medications or 

approved vaccines against MERS-CoV heightens the worrisome nature of this threat. 

The ongoing lack of specific therapeutics or preventive measures underscores the 

importance of continued research and development efforts to address this persistent 

health risk. [2] 
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Indeed, one of the primary challenges posed by MERS-CoV infection is the 

absence of distinct clinical features that would allow for easy differentiation from other 

viral respiratory illnesses. This lack of specificity, coupled with the precautions taken 

to prevent potential secondary spread of MERS-CoV, can lead to medical 

complications. Prolonged and challenging isolation measures aimed at preventing 

transmission can hinder timely and essential complementary testing, often creating 

difficulties in appropriate patient management while awaiting PCR test results. This 

scenario may lead to medical confusion and suboptimal care for the patient. [33] 

The incubation period for MERS typically spans from 2 to 10 days, with an 

average duration of 5 to 6 days. In fatal cases, death usually occurs around 11.5 days 

after the onset of symptoms. MERS-CoV infections tend to be more prevalent in men, 

and over half of the reported cases involve individuals aged 50 years or older. [35]  

The clinical manifestation of MERS-CoV infection was initially characterized 

as severe, often leading to pneumonia accompanied by acute respiratory distress 

syndrome (ARDS), septic shock, and multiorgan failure, ultimately resulting in 

fatalities. [12,33,34,35] This severe presentation was notably prominent in elderly 

individuals (over 65 years old) and patients with pre-existing chronic conditions such 

as cardiovascular disease, respiratory ailments, kidney issues, diabetes, acquired or 

congenital immune disorders, and cancer. [35] Around one-third of patients develop 

pneumonia, while approximately 20% progress to ARDS. [12,33,34]. In suspected 

cases, individuals exhibiting acute respiratory illness along with chest radiographs 

indicating pneumonia and ARDS were considered likely candidates for MERS-CoV 

infection. [36] 
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Figure I-5 MERS CoV symptoms medical infographic 

Subsequently, reports surfaced indicating that some patients exhibited mild flu-

like symptoms or remained asymptomatic after exposure to MERS-CoV (ranging from 

2 to 14 days post-exposure), accounting for 14% to 80% of cases. [12,33,34,35] The 

most prevalent clinical symptoms include fever exceeding 38°C, cough, headaches, 

muscle and joint pains, breathing difficulties, and shortness of breath. Gastrointestinal 

symptoms like abdominal pains, vomiting, and diarrhea were less frequently observed. 

[35] The emergence of MERS-CoV as a cause of severe respiratory illness underscores 

the urgent need for developing effective therapeutic and preventive measures against 

MERS-CoV infection. Presently, there are no specific drugs available to target MERS-

CoV. [4] 
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The future trajectory of MERS-CoV remains uncertain, making it challenging 

to predict whether it will fade away or persist as a threat to human populations. 

However, the development of efficient vaccines for both host animals and humans 

could significantly impact the course of MERS-CoV, potentially shifting the balance 

from a potentially pandemic situation to the eventual elimination of MERS-CoV. [33] 

Moreover, understanding the epidemiological and viral factors contributing to the 

emergence of MERS-CoV in the Middle East poses challenges. The high seropositivity 

rate of African dromedary camels' contrasts with the absence of a similar disease in 

local human populations, making it difficult to comprehend the dynamics behind the 

transmission and potential spill-over to humans. [33] 

The treatment approach for Middle East Respiratory Syndrome (MERS) 

primarily revolves around symptom management. This involves administering 

medications to alleviate fever and pain, ensuring proper hydration, and maintaining 

electrolyte balance. Isolation of infected individuals is crucial to prevent disease 

transmission.  

For severe cases requiring hospitalization, supportive care is provided, which 

includes oxygen therapy and mechanical ventilation for those experiencing severe 

respiratory distress. Intravenous fluids may be given to maintain adequate hydration 

levels. 

In cases where secondary bacterial infections arise alongside MERS, antibiotics 

may be prescribed if there's suspicion or confirmation of bacterial involvement. 

The use of corticosteroids in MERS treatment remains controversial. While they 

might assist in reducing inflammation, their potential to suppress the immune response 

necessitates careful consideration. 
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It's crucial to recognize that MERS, while less contagious, holds a higher fatality 

rate compared to some other coronaviruses, with a mortality rate of up to 36%. 

Therefore, public health measures and heightened awareness, particularly early 

diagnosis and isolation of suspected cases, are pivotal components in controlling its 

spread. [12] 

 

Figure I-6 Information for those travelling to the Middle East - MERS-CoV[60] 

Various therapeutic approaches have been explored for MERS treatment, 

including convalescent plasma (CP), intravenous immunoglobulin (IVIG), monoclonal 

antibodies, and repurposing existing clinically approved drugs. However, these 

therapeutic options often come with drawbacks or limitations, indicating the need for 

alternative approaches. The pursuit of effective therapeutic treatments for MERS 

highlights the pressing necessity for additional treatment modalities. Research 

continues to explore novel approaches to address the limitations of existing therapies 

and develop more effective treatments against MERS-CoV infection. [20]: 
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∗ High-throughput screening of compounds and small molecules has proven beneficial 

for researchers in evaluating extensive drug libraries regarding their in vitro antiviral 

activity against novel targets, including MERS-CoV. The repurposing approach 

offers significant advantages by saving time and reducing the costs typically 

associated with developing entirely new drugs. Several repurposed drugs have 

demonstrated potential antiviral effects against MERS-CoV. Examples of these 

drugs, showcasing validated activity against coronaviruses, include ribavirin, 

hexachlorophene, nitazoxanide, and homo-harringtonine. These findings underscore 

the potential for repurposed medications to serve as effective treatments against 

MERS-CoV infection. [20] 

∗ Convalescent plasma (CP) and whole blood therapy have emerged as potential 

treatments for infectious diseases like MERS. CP involves using whole blood or 

plasma obtained from individuals who have recovered from viral diseases, and it has 

been employed as a treatment during outbreaks. [20] CP therapy becomes a primary 

treatment option in scenarios where the human population lacks pathogen-specific 

immunity, and available treatment options are limited. This therapy holds promise, 

especially for the elderly, immune-suppressed individuals like cancer or transplant 

patients, where vaccination might not elicit adequate protective antibody responses.  

[20,37] Additionally, it could benefit populations with underlying health conditions 

where vaccination isn't feasible. [37] In contrast to vaccines and monoclonal 

antibodies (mAbs), CP therapy requires minimal development and relies on a 

standard infrastructure for blood collection. This characteristic allows for swift 

deployment, even in settings with limited resources, especially in developing nations 

where alternative mAb-based therapies might be cost-prohibitive. This aspect 

highlights the potential of CP therapy to be rapidly implemented, particularly in 
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regions with fewer resources, which constitute a significant portion of the global 

population. [37] 

∗ Intravenous immunoglobulin (IVIG) is a serum-derived blood product primarily 

utilized in treating various autoimmune and inflammatory conditions. Although 

extensively used in managing several diseases such as heart failure, mycobacterial 

infections, epilepsy, Alzheimer's, among others, there is currently no evidence 

suggesting IVIG's efficacy against MERS. However, Luke et al. conducted a study 

where trans-chromosomic (Tc) bovines were engineered to produce human 

polyclonal immunoglobulin G antibodies. These antibodies demonstrated the ability 

to neutralize MERS-CoV in both in vitro assays and animal models. This study's 

implications suggest a potential method for producing therapeutic immunoglobulins 

to prevent and/or treat MERS-CoV infections and potentially other emerging 

infectious diseases. This innovative approach holds promise in developing 

therapeutic strategies against such viral infections. [20] 
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Figure I-7 Therapeutic strategies available against MERS-CoV [62] 

∗ Various therapeutic strategies aimed at impeding MERS-CoV's entry into cells and 

inhibiting virus-cell membrane fusion have been explored. These include cathespin 

inhibitors, TMPRSS2 inhibitors, furin inhibitors, kinase inhibitors, and IFITM 

proteins, among others. These approaches target different stages of the virus's entry 

and fusion process to impede its ability to infect cells. Additionally, a study 

conducted in China utilized high-flow nasal cannula (HFNC) therapy in treating a 

patient with MERS. HFNC therapy is a respiratory support method that delivers 

heated and humidified oxygen at higher flow rates than conventional oxygen 

therapy. Its use in managing MERS highlights the exploration of various supportive 
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therapies to aid in the treatment of respiratory distress associated with the infection. 

[20] 

∗ Within the coronavirus family, the receptor binding domain (RBD) exhibits poor 

conservation across different strains. Consequently, therapeutics targeting the 

receptor binding function face challenges in offering a broad solution against various 

coronaviruses. [4,22] In contrast, the HR (heptad repeat) region within the S2 subunit 

demonstrates higher conservation among different Human Coronaviruses (HCoVs). 

This HR region plays a critical role in HCoV infections by facilitating the formation 

of the 6-helix bundle (6-HB), a structure essential for mediating viral fusion. 

Targeting this more conserved HR region presents a potential avenue for developing 

therapies that could have broader efficacy against multiple coronaviruses. [4]. The 

interaction between the HR1 and HR2 regions in coronaviruses is conserved, 

involving specific residues within these helices. Peptides derived from the HR2 

region of various enveloped viruses have exhibited the ability to competitively bind 

viral HR1, effectively inhibiting viral infection. This suggests that targeting the HR1 

region could be a promising strategy for developing fusion inhibitors against highly 

pathogenic Human Coronaviruses (HCoVs) like MERS. Peptides are small 

fragments of proteins typically comprising of 2–50 amino acid residues. These 

peptides achieve viral inhibition through various modes of actions, including direct 

binding to virions or host cell-surface receptors, blocking viral entry, interfering 

enzymatic activity to inhibit intracellular replication, and indirectly modulating 

immune responses. [4] Compared to conventional small molecule drugs, peptide 

synthesis can be initiated and modified rapidly. Peptides' chemical nature endows 

them with high specificity and efficacy at very low concentrations, often in 

nanomolar or picomolar ranges. [4] Over the last two decades, numerous studies 
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have synthesized a wide array of anti-viral peptides targeting the membrane fusion 

step, particularly the HR regions in the S2 subunit. These fusion inhibitors hold 

promise for translation into therapeutic peptides. However, peptides derived from 

HR1 (targeting HR2) have shown limited activity, possibly due to their tendency to 

self-aggregate. Despite this, many peptides designed to counter MERS-CoV have 

exhibited potent anti-CoV activity, showing IC50 values in the micromolar 

concentration range. Continued research in this area offers hope for the development 

of effective peptide-based therapeutics against coronaviruses like MERS. [8] 

∗ Monoclonal Antibodies mAb: The presence of MERS-like CoVs (ML-CoVs) 

represents a significant concern for global public health. Despite laboratory and 

clinical trials, there is currently no commercially available vaccine for MERS-CoV. 

[21][39] The ongoing threat posed by MERS-CoV and the potential emergence of 

similar coronaviruses underscores the urgency in developing effective preventive 

measures such as vaccines. While research efforts have delved into vaccine 

development and some progress has been made in laboratory and clinical settings, 

the absence of a licensed vaccine emphasizes the continuing need for further research 

to address this pressing health concern. Zoonotic coronaviruses have demonstrated 

a remarkable capacity to breach species barriers and swiftly infect humans, as 

observed with the emergence of new Human Coronaviruses (HCoVs). This 

unpredictability highlights the challenge in solely targeting a single HCoV with a 

specific drug, as newly emerging HCoVs might render such treatments ineffective. 

[4] Given the absence of a broad-spectrum anti-HCoV drug available for clinical use, 

it becomes crucial to identify a common or conserved target site among existing 

HCoVs. Such an approach could potentially pave the way for developing 

therapeutics effective against multiple HCoVs, thereby addressing the rapid and 
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unpredictable nature of zoonotic coronaviruses. Identifying conserved regions or 

targets could offer a more universal solution against these viruses and aid in 

combatting future emerging HCoVs. [4] Establishing multiple Human Coronavirus 

(HCoV) S-mediated cell-cell fusion assays has been instrumental in identifying a 

pan-HCoV fusion inhibition target site. These assays aimed to determine the cross-

inhibitory spectrum between HR1Ps and HR2Ps, derived from the HR1 and HR2 

regions, respectively, of various HCoVs. By utilizing these assays, researchers 

sought to understand the inhibitory potential of HR1Ps and HR2Ps from different 

HCoVs against each other. This approach helps in identifying potential targets for 

fusion inhibition that could work across multiple HCoVs, thus aiming to develop a 

potential pan-HCoV inhibitor effective against infections caused by various HCoVs 

in the human respiratory tract. This strategy offers a promising pathway towards 

developing broad-spectrum therapeutics targeting a wide range of Human 

Coronaviruses. [4] creating safe and efficacious MERS vaccines that induce broad-

spectrum immune responses is crucial. These vaccines should aim to enhance 

protective efficacy not only against multiple strains of MERS-CoV but also against 

MERS-like coronaviruses that have the potential to cause pandemics. [4] Developing 

such vaccines requires novel strategies that can evoke robust immune responses 

capable of recognizing and neutralizing various strains of MERS-CoV and related 

coronaviruses. An effective vaccine strategy would ideally encompass a 

comprehensive understanding of the diverse genetic variations among different 

strains while eliciting a broad and durable immune response. This approach could 

potentially provide cross-protection against a wide range of MERS-related viruses, 

contributing to global preparedness against potential outbreaks. [21] Various 

monoclonal antibodies (mAbs) have been tested and have exhibited promising anti-
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MERS-CoV activity in laboratory settings (in vitro studies). These mAbs are 

specifically designed to target and neutralize MERS-CoV, showing potential in 

inhibiting the virus's ability to infect and replicate in cell cultures. While these in 

vitro findings are encouraging, further research, including preclinical and clinical 

studies, is necessary to assess the efficacy, safety, and therapeutic potential of these 

monoclonal antibodies in living organisms, particularly in humans. This rigorous 

evaluation process is crucial to determine their effectiveness as potential treatments 

against MERS-CoV infection. [33] Antibody responses, particularly the production 

of neutralizing antibodies, play a pivotal role in effectively treating MERS-CoV 

infections in humans. The increased use of monoclonal antibodies (mAbs) as 

therapeutics can be attributed to their exceptional specificity and high affinity for 

their target antigens, along with their adaptable structure, allowing for engineering 

modifications. [45] Following the identification of MERS-CoV, potent neutralizing 

monoclonal antibodies were swiftly isolated. Multiple technological platforms, 

including phage or yeast display of antibody libraries, animal immunization, and 

direct isolation from survivors of MERS-CoV infection, facilitated this isolation 

process. The development of monoclonal antibodies capable of retaining 

neutralizing activity against various coronavirus lineages and concerning variants is 

crucial for preparing against potential future pandemics. These broadly neutralizing 

monoclonal antibodies (bnmAbs) have the potential to serve as therapeutics. 

Moreover, they can contribute to the rational design of vaccines that aim to induce 

the production of bnmAbs in vaccinated individuals. This approach holds promise 

in providing a broader and more robust immune response against multiple strains 

and variants of coronaviruses, aiding in the mitigation of future outbreaks. [45] 

Coronaviruses feature surface spike glycoproteins, known as predominant antigens 
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that trigger the antibody response.[1] These antibodies have the potential to target 

spike proteins, hindering the virus from entering host cells. Consequently, 

developing monoclonal antibodies directed at these proteins is favored for 

protection, as opposed to vaccine preparation, which demands extensive time and 

laborious efforts [21,39,42] The HR1 and HR2 regions within the S2 subunit 

combine to form a six-helix bundle fusion core, acting as a pivot to bring the viral 

and host cell membranes closer together. This six-helix bundle (6-HB) structure 

plays a crucial role in the fusion process, facilitating the close proximity required for 

viral fusion and entry. Hence, the S protein stands out as a key target for the 

development of specific drugs. Particularly, the S1 RBD (receptor-binding domain) 

proves to be a highly effective target site. Antibodies directed at the RBD or vaccines 

based on the RBD have previously demonstrated potent antiviral activity, effectively 

blocking the virus from binding to host receptors and showcasing protective effects. 

[4] The receptor-binding domain (RBD) situated within the S1 subunit holds the 

primary neutralizing epitopes, making it a focal point for developing initial COVID-

19 vaccines. These vaccines aimed to induce a robust neutralizing antibody (nAb) 

response by targeting this specific domain, crucial for neutralizing the virus and 

conferring immune protection against COVID-19 [9,21,43] Studies examining the 

structure have shown that the epitopes of these antibodies coincide with the DPP4-

binding surface, establishing a structural foundation for their neutralizing properties. 

[20] Monoclonal and polyclonal antibodies targeting DPP4 have demonstrated the 

ability to hinder MERS-CoV infection in primary human bronchial epithelial cells 

and Huh-7 cells. [20The majority of neutralizing antibodies against MERS-CoV 

focus on the receptor-binding subdomain, coinciding with the DPP4 binding surface. 

These antibodies exhibit a common aspect of neutralization by competing directly 
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with the cellular receptor DPP4 to bind to the receptor-binding domain (RBD). This 

competition for binding to RBD is a key mechanism through which these antibodies 

neutralize the virus. [45,46,47] Adney and colleagues conducted a research study 

assessing the effectiveness of a MERS-CoV S1 subunit vaccine with adjuvants. 

Their findings revealed reduced and delayed viral shedding in dromedary camels and 

provided complete protection for alpacas against MERS-CoV infection. [21] Other 

studies also support these findings, indicating that the protective effectiveness of 

MERS vaccines aligns positively with the levels of neutralizing antibodies present 

in the serum. [21] Earlier studies have demonstrated that the Receptor Binding 

Domain (RBD) found in the SARS-CoV-2 S protein can effectively impede SARS-

CoV-2 infection and is capable of generating robust neutralizing antibodies, offering 

protection against SARS-CoV-2 infection. [20] Given that MERS-CoV belongs to 

the same beta-coronavirus genus as SARS-CoV-2, there's an expectation that the 

RBD of MERS-CoV could similarly exhibit effectiveness in obstructing MERS-

CoV infection. This suggests the potential for inducing neutralizing antibody 

responses against MERS-CoV infection in vaccinated animals through the utilization 

of the MERS-CoV RBD. [26] A recent study has identified and characterized a 

collection of seven human neutralizing antibodies (nAbs) and two monoclonal 

antibodies (mAbs). These specific antibodies are potent inhibitors targeting the 

Receptor Binding Domain (RBD) and demonstrate robust neutralizing activity 

against MERS-CoV. [20] Moreover, another study successfully developed two 

potential antibodies which exhibited efficacy in animal models infected with MERS-

CoV. Despite their effectiveness, it's worth noting that producing monoclonal 

antibodies is a time-consuming and challenging process [20] Mutations, particularly 

within and around the Receptor Binding Site (RBS) of coronaviruses, have the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3852489/#pone.0081587-Wong1
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potential to create viral variants resistant to neutralization by commonly induced 

classes of antibodies. These variants, known as Variants of Concern (VOCs), can 

evolve without significantly compromising viral fitness. This phenomenon poses a 

challenge to the efficacy of existing antibodies in combating these mutated strains 

[9,43] On another note, the S2 subunit within the Human Coronavirus (HCoV) S 

protein consists of various segments, including the fusion peptide (FP), heptad repeat 

1 (HR1), central helix (CH), connector domain (CD), stem helix (SH), heptad repeat 

2 (HR2), and transmembrane anchor (TM) [5]. The S2 domain facilitates the fusion 

of the viral envelope with the host cell membrane. Following proteolytic cleavage at 

the S2′ site just before the fusion peptide (FP), the FP is exposed, allowing for its 

insertion into the host cell membrane and subsequent fusion [44]. Despite being 

generally less potent than antibodies directed at the RBD, the S2 domain is relatively 

more conserved. This conservation suggests that epitopes within the S2 domain may 

serve as optimal targets for the development of Broadly Neutralizing Monoclonal 

Antibodies (bnmAbs) effective against diverse existing and future emerging 

coronaviruses. [5,9] Studies have shown that monoclonal antibodies designed to 

target the Receptor Binding Domain (RBD) of the SARS-CoV-2 did not effectively 

recognize the corresponding region in the SARS-CoV-2. This observation 

underscores the limited cross-reactivity within this specific region between these 

coronaviruses. Conversely, the membrane fusion domain, particularly within the S 

protein, is one of the most conserved areas among coronaviruses. Consequently, 

focusing on targeting the membrane fusion process might offer a higher likelihood 

of success across different coronaviruses in potential future outbreaks. This broader 

targeting strategy could potentially offer more cross-functional efficacy against a 

spectrum of coronavirus strains [22] With the emergence of Variants of Concern 
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(VOCs) within SARS-CoV-2 and the continual threat posed by zoonotic 

coronaviruses with pandemic potential, current research endeavors are concentrated 

on vaccines and antibodies that focus on the most conserved regions within the spike 

protein. Researchers are targeting the more conserved facets of the Receptor Binding 

Domain (RBD) with numerous neutralizing antibodies (nAbs). Stem-helix broadly 

neutralizing antibodies (bnAbs) have spotlighted the potential offered by conserved 

bnAb S2 epitopes. These conserved sites within the S2 epitopes might hold promise 

for the development of vaccines against a broad spectrum of beta-coronaviruses. 

Nonetheless, the development of a comprehensive panel of stem-helix bnAbs is still 

necessary to understand the shared molecular features of antibodies targeting this 

specific site. [45] 

 

Figure I-8 Schematic illustration of the inhibition of MERS-CoV cell entry by neutralizing 

mAbs, mAb cocktails, bispecific antibodies, antibody-durg conjugates, and novel monomeric 

antibody constructs.[62] 

II.5. Reference Study: Broadly neutralizing anti-S2 antibodies protect against all 

three human beta-coronaviruses that cause deadly disease.  

In our reference study, a study conducted by Zhou.p. et al., the largest collection 

of β-CoV stem-helix broadly neutralizing antibodies (bnAbs) was successfully isolated, 
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revealing key insights into their shared features and the molecular foundation behind 

their extensive neutralization of coronaviruses. These S2 stem-helix bnAbs exhibited a 

high prevalence of antibody germline characteristics that could be leveraged in targeted 

vaccine development. Moreover, selected bnAbs displayed protection against infection 

caused by all three major human beta-coronaviruses—SARS-CoV-2, SARS-CoV-1, 

and MERS-CoV which are known to cause severe diseases. This discovery holds 

immense promise in developing strategic vaccine approaches to prompt the generation 

of such broadly neutralizing antibodies. Additionally, it expands the array of options 

for antibody-driven preventive and therapeutic approaches. The stem helix within the 

S2 region emerges as a plausible and targetable element for intervention strategies. 

Notably, a range of anti-SH (stem-helix) neutralizing antibodies, displaying varying 

degrees of cross-reactivity and cross-neutralizing activity against coronaviruses, have 

been identified. These antibodies have been either isolated from convalescent COVID-

19 patients or induced through immunization in mice. [43] 
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Figure I-9 Antibodies and vaccines against Middle East respiratory syndrome 

coronavirus[63] 

The structural insights into the recognition of beta-coronaviruses by four 

specific bnAbs (CC25.106, CC95.108, CC68.109, and CC99.103) were obtained 

through crystal structures, revealing key details at resolutions spanning 1.9 to 2.9 Å. 

Monoclonal antibodies (mAbs) have demonstrated prolonged in vivo half-lives 

and remarkable stability, paving the way for their advancement as immunotherapeutic 

agents for both the treatment and prevention of MERS-CoV infections. Notably, RBD-

specific neutralizing mAbs and fusion inhibitory HR2 peptides have exhibited high 

efficacy in inhibiting MERS-CoV entry. However, these agents target distinct phases 

of viral entry: while RBD-specific neutralizing mAbs hinder viral attachment to the cell 

surface receptor, HR2 peptides impede viral fusion with the host cell membranes. 

Considering their complementary modes of action in combating MERS-CoV, 

combining neutralizing mAbs with HR2 peptides holds promise for a potential 

synergistic effect against MERS-CoV infection. This combination could potentially 
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enhance therapeutic efficacy by simultaneously impeding different stages of the viral 

entry process. [43] 
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II. Methods and Materials 

MERS-CoV, a zoonotic virus, poses a significant global public health risk. 

Therefore, it's crucial to create an efficient treatment plan against it. Immuno-

informatics and computational biology tools offer a quicker and more cost-efficient 

way to design potential therapies for MERS-CoV. [49]  

Several treatment approaches have been linked to better clinical outcomes for 

MERS [50] In recent decades, monoclonal antibodies (mAbs) have emerged as a vital 

and swiftly expanding category of therapeutic substances, finding use across diverse 

disease fields. They stand among the top-selling and rapidly advancing therapies on the 

market, with applications spanning various significant medical conditions, including 

infectious diseases. [51] 

Monoclonal antibodies (mAbs) show promise in preventing and treating newly 

emerged variants of concern (VOC) and infections originating from animals. 

Specifically, mAbs that target the stem helix of HCOV have been employed in 

treatments. [50] Numerous studies and experiments indicate that broadly neutralizing 

antibodies (bnAbs) are the most effective therapeutic agents against MERS-CoV. In 

our present research, we utilized molecular docking to assess how select bnAbs could 

neutralize the MERS stem helix. Understanding the structural foundation of antibody-

antigen interactions is essential in designing effective biological drugs centered on 

antibodies. 
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Figure II-1 Broadly neutralizing mAbs use IGHV1-46 and target conserved residues on the 

stem helix [64] 

Antibodies exhibit a Y-shaped structure, typically formed by two identical pairs 

of polypeptide chains known as light and heavy chains. Based on their variability in 

structure and sequence, distinct variable and constant domains can be identified. 

Specifically, the light chain contains one variable and one constant domain, while the 

heavy chain comprises one variable and three or more constant domains. The variable 

domain consists of a conserved framework housing six hypervariable loops (HV loops), 

three from each chain, forming the complementarity-determining regions (CDRs). 

These regions, especially the HV loops, play a pivotal role in antigen recognition and 

specificity. [52] 
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Figure II-2 Schematic representation of an antibody with Fab region and Fc region.[65] 

In the realm of research, computational methods like molecular docking offer a 

rapid and valuable alternative to experimentally characterizing the structures of these 

antibody-antigen complexes. [52] Accurately predicting the structures of antibody-

antigen complexes and using this knowledge for structure-based antibody design 

remain significant hurdles in computational biology. These challenges have far-

reaching implications in areas such as biotherapeutics, immunity, and vaccine 

development. [53] While antibody recognition of antigens mainly occurs within the 

complementarity-determining regions (CDR) loops, modeling antibody-antigen 

interactions presents a distinct computational challenge. Despite this challenge, the vital 

role of antibody-antigen recognition in therapeutics and disease has driven the 

development of numerous predictive docking algorithms tailored for these complex 

interactions. Consequently, docking has emerged as an increasingly crucial tool in 

pharmaceutical research. [53] 
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The docking process involves two basic steps: prediction of the ligand 

conformation as well as its position and orientation within these sites (usually referred 

to as pose) and assessment of the binding affinity. These two steps are related to 

sampling methods and scoring schemes, respectively. [55] 

III.1. Data collection 

Performing molecular docking between the stem helix of MERS-CoV or SARS-

CoV-2 and five distinct bnAbs using HADDOCK and AutoDock Vina sounds like an 

insightful study. It's notable that four of these bnAbs were chosen from a panel 

established in Zhou. P. et al.'s research. This specific panel of β-CoV spike stem-helix 

bnAbs was created by utilizing SARS-CoV-2 and MERS-CoV S proteins as baits. They 

isolated 40 stem-helix mAbs from 10 COVID-19 convalescent donors by targeting 

antigen-specific single B cells. This approach could provide valuable insights into the 

interactions between these antibodies and the viral stem helices. [43] 

The scrutiny involved in this study aimed to ascertain the interaction and 

orientation between the two molecules, elucidating the precise binding between the 

antigen and the antibodies, as detailed in reference [54]. This analysis likely focused on 

understanding the specific binding mechanisms and configurations between the 

antigen, either the MERS-CoV or SARS-CoV-2 stem helix, and the five distinct bnAbs, 

shedding light on their interaction patterns.  

The selected bnAbs, CC25.106, CC95.108, and CC99.103, were obtained from 

Zhou. P. et al.'s research, where their crystal structures were determined in association 

with beta-coronavirus spike stem-helix peptides. These structures, available at 

resolutions between 1.9 to 2.9 Å, were retrieved from the RCSB Protein Data Bank 

using accession codes 8DGU, 8DGV, and 8DGW. The aim was to comprehensively 

understand how these antibodies recognize beta-coronaviruses at a structural level. 
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CC9.113, also from Zhou. P. et al.'s study, lacked experimental structural data 

but was selected based on favorable EC50 and IC50 values. The concepts of IC50 and 

EC50 are fundamental to pharmacology. The EC50 is the concentration of a drug that 

gives half-maximal response. The IC50 is the concentration of an inhibitor where the 

response (or binding) is reduced by half. 

To bridge this gap, its structure was predicted using the AlphaFold 2 server, 

providing an estimation of its molecular configuration. 

 

Figure II-3 CC9.113 structure predicted by AlphaFold2 and visualized by PyMOL 

CC25.36, sourced from Song, G.'s research, had its crystal structure determined 

while binding to the RBD (Receptor Binding Domain) of SARS-CoV-2. The process 

involved cloning HC and LC variable regions into expression vectors, followed by 

determining the CC25.36/RBD/CV38–142 complex's crystal structure using X-ray 

techniques. Despite efforts to access the specific structures with accession codes 8SIQ, 

8SIR, 8SIS, 8SIT, 8SDF, 8SDG, and 8SDH from the RCSB Protein Data Bank, they 

were found as unreleased structures (HPUB: processing complete, entry on hold until 

publication). Consequently, the structure of CC25.36 was predicted using the 

AlphaFold 2 server to gain insights into its molecular configuration. 
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Figure II-4 CC25.36 structure predicted by AlphaFold2 and visualized by PyMOL 

 

III.2. HADDOCK 2.4 

The emergence of docking web servers, such as HADDOCK, signifies a 

growing interest in utilizing these platforms. HADDOCK (High Ambiguity Driven 

protein-protein DOCKing) [66] is an information-driven flexible docking method 

designed for modeling biomolecular complexes. 

HADDOCK (see: https://www.bonvinlab.org/software/haddock2.4) is a 

collection of python scripts derived from ARIA (https://aria.pasteur.fr) that harness the 

power of CNS (Crystallography and NMR System – https://cns-online.org) for 

structure calculation of molecular complexes. What distinguishes HADDOCK from 

other docking software is its ability, inherited from CNS, to incorporate experimental 

data as restraints and use these to guide the docking process alongside traditional 

energetics and shape complementarity. Moreover, the intimate coupling with CNS 

endows HADDOCK with the ability to actually produce models of sufficient quality to 

be archived in the Protein Data Bank. 

In a study conducted by Ambrosetti.F et al., investigators explored leveraging 

information about complementarity-determining regions and binding epitopes to guide 

the modeling process. They conducted a comparative analysis of four docking software 

https://www.bonvinlab.org/software/haddock2.4
https://aria.pasteur.fr/
https://cns-online.org/
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suites—ClusPro, LightDock, ZDOCK, and HADDOCK—specifically tailored for 

antibody-antigen modeling. Their study, based on a dataset of 16 complexes, revealed 

that HADDOCK, incorporating information to steer the docking process, exhibited 

superior performance. It outperformed other platforms in terms of both success rate and 

the quality of generated models, regardless of whether information about the epitope 

on the antigen was available or not. [52] 

We will make use of the HADDOCK2.4 webserver, PyMOL, PDB2PQR, 

APBS, proABC-2 and PDB-tools webserver. These tools collectively enable 

researchers to perform molecular docking simulations, visualize molecular structures, 

predict binding sites, validate structures, and conduct various analyses crucial for 

understanding the interactions between antibodies and antigens at a detailed molecular 

level. 

HADDOCK was designed so that the molecules experience varying degrees of 

flexibility and different chemical environments, and it can be divided in three different 

stages, each with a defined goal and characteristics: 

 Randomization of orientations and rigid-body minimization (it0) 

In this initial stage, the interacting partners are treated as rigid bodies. 

 Semi-flexible simulated annealing in torsion angle space (it1) 

The second stage of the docking protocol introduces flexibility to the interacting 

partners through a three-step molecular dynamics-based refinement in order to optimize 

interface packing. 

 Refinement in Cartesian space with explicit solvent (water) 

The final stage of the docking protocol immerses the complex in a solvent shell 

so as to improve the energetics of the interaction. HADDOCK currently supports water 

(TIP3P model) and DMSO environments. 
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The following comprehensive breakdown outlines the detailed procedure from 

structure retrieval to docking and analysis: 

 Obtaining Structures 

• Using PDB Files from Database: Download the .pdb files of the bnAbs (CC99.103, CC25.106 

and CC95.108) and CoV stem helix (MERS-CoV spike stem helix peptide and SARS-CoV-2 

spike stem helix peptide) separately from the PDB database using codes 8DGV, 8DGU 

and 8DGW. Employ PyMOL to extract the individual structures of the bnAbs and CoV 

stem helix from the complex. 

• Sequence Retrieval and Structure Prediction: 

o In cases without available experimental data, retrieve the sequences from 

GenBank. For CC25.36 use the codes GenBank: OM467977.1 to get nucleotide 

sequence, GenBank: UKB92452.1 light chain fasta sequence and GenBank: 

UKB92346.1 heavy chain fasta sequence. 

o For CC9.113 use the codes GenBank: OP699213.1 to get nucleotide sequence, 

GenBank: WBW48684.1 light chain fasta sequence and GenBank: 

WBW48644.1 heavy chain fasta sequence. 

o Utilize AlphaFold2 for predicting the 3D structures of the CC9.113 and CC25.36 

bnAbs stem helix based on their sequences. 

 Utilizing PDBTools Web Pipeline: 

• Use the PDBTools web interface to upload the .pdb files. Apply the following pipeline: 

• Preprocessing: pdb_splitchain 

• Main: pdb_delhetatm and pdb_tofasta 

 Identifying bnAb Paratope: 

• Use the generated .fasta files to determine the paratope of bnAb utilizing ProABC2. 
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 Preprocessing bnAb Structure: 

• Apply PDB_Tools for preprocessing the bnAb structure: 

• pdb_chain to rename all chains as 'A'. 

• pdb_reres to renumber the antibody residues uniquely. 

 Inspecting Structures using PyMOL: 

• Visualize the bnAb structure in PyMOL: 

• Highlight the predicted paratope. Inspect the predicted binding site. Examine the surface 

characteristics of the bnAb structure. 

 HADDOCK2.4 Docking: 

• Input data: Input the prepared .pdb files into HADDOCK: 

o Upload the bnAb.pdb file as the protein (Molecule 1). 

o Upload the CoV sh.pdb file as the peptide (Molecule 2). 

o Keep the parameters as default only check on for Fix molecule at its original 

position during it0? 

• Input parameters: 

o Select active residues from the reference study and ProABC2 file. 

o Passive residues (surrounding surface residues) would be automatically defined 

around the active residues. Keep other parameters as default. 

• Docking parameters: 

o Set these parameters as follows: 

 Number of structures for rigid body docking= 10000 

 Number of structures for semi-flexible refinement=400 

 Number of structures for the final refinement=400 

 Number of structures to analyze=400 
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o Keep all other parameters as default.  

o Check COVID-19 related parameters and submit the job. 

 Results Analysis using PyMOL: 

• Analyze the HADDOCK results in PyMOL to visualize the docked complex. Assess the 

interactions between bnAb and CoV stem helix based on the docking results. 

 

Figure II-5 HADDOCK submission protocol 

 

III.3. AlphaFold2 

AlphaFold is an AI system developed by DeepMind that predicts a protein's 3D 

structure from its amino acid sequence. [67] 

III.4. PyMOL 

PyMOL is a widely used tool for visualizing and analyzing molecular structures. 

Launched over Christmas break in December 1999, PyMOL was originally 

designed to: (1) visualize multiple conformations of a single structure [trajectories or 

docked ligand ensembles] (2) interface with external programs, (3) provide professional 



Methods and Materials 

63 
 

strength graphics under both Windows and Unix, (4) prepare publication quality 

images, and (5) fit into a tight budget 

High-Quality Rendering: It provides high-quality graphics and visualization 

capabilities, allowing users to generate publication-ready images and videos of 

molecular structures. 

Manipulation and Analysis: PyMOL enables users to manipulate, analyze, and 

annotate molecular structures, highlighting specific regions, bonds, or interactions 

within the complex structures.  

Utilize PyMOL for visualizing and analyzing the docked complexes generated 

by HADDOCK2.4 and AutoDockVina and visualize the electrostatic interaction, a 

result from APBS (Adaptive Poisson-Boltzmann Solver). It will allow you to create 

detailed and high-quality visual representations of these molecular interactions, aiding 

in the illustration and explanation of binding orientations. [68] 

III.5. proABC-2 

The proABC-2 server is freely available at: 

https://wenmr.science.uu.nl/proABC2/.  

Understanding the fundamentals of antibody–antigen interactions is a critical 

step for the rational design and engineering of immunoglobulins. proABC-2 is based 

on a deep learning framework and shows a high performance with an AUC of 0.96 and 

an MCC of 0.57. proABC-2 predictions can be used to drive the modeling of antibody–

antigen complexes using the information-driven docking approach HADDOCK.  

The input is processed to calculate all of the sequence-derived features 

(germline, canonical structures and length of the HV loops), and these are passed to the 

CNN to make the predictions. The computation only takes a few seconds. [69] 

 

https://wenmr.science.uu.nl/proabc2/
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III.6. PDB-Tools Web 

PDB-Tools Web is a user interface for the pdb-tools Python package. The 

classic Protein Data Bank (PDB) file format is a flat text file that is still used by many 

structural biology software to represent the spatial coordinates of macromolecular 

structures. PDB-tools web is a fully configurable, user-friendly web interface for the 

command-line application pdb-tools. Using the portal users can, in a few clicks, build 

a complex pipeline which can then be saved (and uploaded) for future use and 

reproducibility. This pipeline is composed by different processing blocks with atomic 

tasks on the PDB provided data, to name a few, removing certain atom types, renaming 

chains, renumbering residues, removing multiple occupancies or detecting gaps among 

many others. [70] The webserver is available at https://wenmr.science.uu.nl/pdbtools/ and 

the list of all available processing blocks is described on the online manual at 

https://wenmr.science.uu.nl/pdbtools/manual. 

III.7. PDB2PQR 

PDB2PQR simplifies the preparation of structures for continuum solvation 

calculations and various biomolecular modeling tasks. It streamlines tasks like adding 

missing atomic coordinates and assigning crucial force field parameters for accurate 

continuum electrostatics methods, aiding experts and non-experts in conducting 

electrostatic analyses. Its functions include adding missing heavy atoms, estimating 

titration states, assigning charges and radii, and producing compatible PQR outputs for 

multiple computational packages. 

https://server.poissonboltzmann.org/ 

https://pdb2pqr.readthedocs.io/en/latest/ 

III.8. APBS 

Understanding electrostatic interactions is crucial in studying biomolecular 

processes. With the rapid determination of protein and biopolymer structures, 

http://www.bonvinlab.org/pdb-tools/
https://wenmr.science.uu.nl/pdbtools/
https://wenmr.science.uu.nl/pdbtools/manual
https://server.poissonboltzmann.org/
https://pdb2pqr.readthedocs.io/en/latest/
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integrating this knowledge into physical models for drug discovery requires assessing 

energetic interactions within these molecules and their connections in cellular 

pathways. Solvation properties and electrostatic interactions, due to their long-range 

nature and significant charges in biopolymers, hold special importance. 

 

Figure II-6 Workflow for biomolecular electrostatics calculations using the APBS-PDB2PQR 

software suite. 

APBS tackles continuum electrostatic equations for large biomolecular 

assemblies. Built with modern design principles, it seamlessly interfaces with various 

computational packages and adapts to evolving methods. Extensive documentation for 

users and programmers, along with utilities for calculations and analysis, supports the 
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APBS code. Moreover, its free, open-source license ensures accessibility across the 

biomedical community. 

https://server.poissonboltzmann.org/ 

https://apbs.readthedocs.io/en/latest/ 

III.9. AutoDockVina 

AutoDock Vina (https://vina.scripps.edu/) is arguably one of the fastest and 

most widely used open-source docking engines. It was originally designed and 

implemented by Dr. Oleg Trott (http://olegtrott.com/) in the Molecular Graphics Lab 

(now CCSB (https://ccsb.scripps.edu/)) at The Scripps Research Institute.  

AutoDock Vina facilitates the design and execution of simple and complex 

docking simulations. The new version provides Python bindings, enabling easier 

scripting for virtual screening and other advanced applications. [71] 

A detailed guide for docking using AutoDock Vina after obtaining the .pdb files 

for bnAbs and CoV stem helix peptides: 

 Structure Preparation: 

• Use PyMOL to extract the individual structures of the bnAb (selecting only FV) or CoV 

stem helix  

 BnAb.pdbqt File Preparation: 

• Process the bnAb.pdb file:  

• Delete water molecules and heteroatoms, add polar hydrogens, assign Kollman charges, 

assign AD4 types and finally save the prepared structure as a .pdbqt file. 

 CoVsh.pdbqt File Preparation: 

• Process the CoV stem helix (CoVsh.pdb) file: 

https://server.poissonboltzmann.org/
https://apbs.readthedocs.io/en/latest/
https://vina.scripps.edu/


Methods and Materials 

67 
 

• Delete water molecules and heteroatoms, add polar hydrogens, add Gasteiger charges 

and then save the prepared structure as a .pdbqt file. 

• Choose and detect root from the torsion tree. 

 Grid Generation: 

• Determine the diameters of the grid box around the binding site. Create a config.txt file 

with grid dimensions and other necessary parameters. 

 Running Autodock Vina: 

• Execute Autodock Vina with the prepared .pdbqt files and the configuration file. Allow 

Autodock Vina to perform the docking calculations. 

 Results Processing: 

• Use vina-split.exe to process and split the results obtained from Autodock Vina. 

• Extract and analyze the docking poses and scores generated by Autodock Vina. 

 Results Analysis calculations using the APBS-PDB2PQR software suite and PyMOL: 

• Use APBS to solve properties and electrostatic interactions. 

• Utilize PyMOL to visualize and analyze the docking results. 

• Inspect the docked conformations of bnAb and CoV stem helix complexes to understand 

their binding interactions. 
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Figure II-7 Autodock Vina Protocol 
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III. Results and Discussion 

IV.1. Results 

Understanding the binding poses and affinity between an antigen and antibody 

holds immense significance in computer-aided drug design. During the initial phases 

of drug discovery projects, obtaining this information commonly involves employing 

molecular docking methods. 

In this case, the molecular docking process was conducted utilizing two 

distinct software tools: AutoDock Vina and HADDOCK2.4. These software 

programs are instrumental in predicting and analyzing how molecules interact, 

thereby revealing potential binding orientations and the strength of interactions 

between the antigen and antibody. Assessing the performance and outcomes of these 

tools is essential in determining their accuracy in predicting binding poses and 

affinity, crucial aspects guiding the discovery and design of effective drugs. 

IV.1.1. HADDOCK 2.4 

Assessing HADDOCK's performance involves two key aspects: sampling 

success and scoring success. 

Sampling Success: This measures whether HADDOCK generates clusters 

where the ligand assumes the correct binding pose. These acceptable poses typically 

exhibit an interface RMSD of less than 2 Å from the crystal structure. While 

HADDOCK's scoring function helps distinguish between acceptable and 

unacceptable poses based on energetic stability, it hasn't been proven how 

consistently this scoring function correctly ranks ligands with similar affinities. 

Hence, crystal structures remain essential to confirm the most acceptable complexes. 
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Scoring Success: This evaluation is crucial to determine HADDOCK's overall 

docking performance. If scoring success is achieved, the top-scoring cluster should 

represent an acceptable binding pose. In an ideal scenario, total scoring success would 

eliminate the need for crystal structures to identify clusters replicating the native 

binding pose. 

Both sampling success and scoring success play vital roles in 

comprehensively assessing HADDOCK's performance in generating accurate 

protein-ligand complexes without solely relying on crystal structure verification. [72] 

Based on the chosen parameters, only the top 400 highest-scoring structures 

out of the initial 10,000 generated during rigid body minimization proceed to undergo 

semi-flexible annealing. Subsequently, these same 400 structures advance to the final 

refinement stage. Consequently, each HADDOCK submission predicts a total of 400 

final complexes. The 400 final complexes from the HADDOCK submission undergo 

assessment through ranking and scoring similar to the evaluation performed during 

the initial docking protocol. After scoring, these complexes are then clustered 

together based on their structural similarity. This clustering helps identify groups of 

complexes that share similar structural characteristics among the selected top-scoring 

400 structures.  

The HADDOCK scoring function encompasses a linear combination of 

diverse energies and buried surface area, which varies across the different stages of 

docking (rigid body (it0), semi-flexible refinement (it1), and explicit solvent 

refinement (water)). 
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Figure III-1 Docking parameters 
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Table III-1 HADDOCK Results 

Docking Complex Cluster HADDOCK 

score 
RMSD 1 Z-Score 

CC25.106 MERS-COV  

stem helix SH 

23 Clusters 

Cluster2 

-75.0 +/-2.2 0.2 +/-0.1 -2.2 

CC25.106 SARS-COV-2  

stem helix SH 

2 Clusters 

Cluster1 

-164.2 +/-1.4 2.3 +/-1.9 -1.0 

CC95.108 MERS-COV 

 stem helix SH 

10 Clusters 

Cluster1 

-120.6 +/-1.2 0.1 +/-0.1 -2.7 

CC95.108 SARS-COV-2 

 stem helix SH 

11 Clusters 

Cluster2 

-79.9+/-3.0 0.3 +/-0.2 -1.7 

CC99.103 MERS-COV 

 stem helix SH 

18 Clusters 

Cluster1 

-107.8 +/ -

2.7 
2.4 +/-1.7 -2.2 

CC99.103with SARS-COV-2 

 stem helix SH 

18 Clusters 

Cluster1 

-91.1 +/-4.7 0.2 +/-0.1 -2.8 

CC9.113 MERS-COV  

stem helix SH 

10 Clusters 

Cluster1 

-23.2 +/-9.1 1.1 +/-0.6 -1.4 

CC9.113 SARS-COV-2  

stem helix SH 

11 Clusters 

Cluster1 

-15.0 +/-7.1 0.9 +/-0.6 -1.9 

CC25.36 MERS-COV  

stem helix SH 

20 Clusters 

Cluster2 

-19.0 +/-6.7 0.6 +/-0.4 -2.2 

CC25.36 SARS-COV-2  

stem helix SH 

14 Clusters 

Cluster3 

6.0 +/-1.8 2.1 +/-0.3 -1.3 

 
1 from the overall lowest energy structure 
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IV.1.2. AutoDock Vina 

The docking effects were evaluated by the affinity value. The affinity values 

<−5 kcal/mol represent good binding interaction between bnAbs and CoV stem helix 

peptide. 

In AutoDock results, "Dist from RMSD l.b." typically refers to the distance 

or deviation of the Root Mean Square Deviation (RMSD) from the lowest bound 

(l.b.). This parameter helps measure how far the RMSD value of a docked structure 

is from a reference or the most optimal bound conformation. It indicates the structural 

variation or similarity of the docked pose concerning a known or expected 

conformation, often the reference ligand-bound structure. 

"Best mode RMSD u.b." in AutoDock results typically denotes the Root Mean 

Square Deviation (RMSD) of the best or most favorable docking mode from the upper 

bound (u.b.). This value represents the deviation or difference between the docked 

pose considered the best mode and a specified upper bound, often a reference or ideal 

structure. It indicates how closely the best predicted pose aligns with the upper bound 

or an expected conformation.  

The docking conformations were superimposed on the crystal structure. The 

corresponding binding affinities, Distance from RMSD lowest bound and best mode 

RMSD upper bound are listed in Table 2 
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Table III-2 AutoDock Vina results 

Docking Complex Affinity 

(kcal/mol) 

Dist from 

rmsd l.b. 

best mode 

rmsd u.b. 

CC25.106 MERS-COV stem helix SH -10.8 0.00 0.00 

CC25.106 SARS-COV-2 stem helix SH -21.8 0.00 0.00 

CC95.108 MERS-COV stem helix SH -12.5 0.00 0.00 

CC95.108 SARS-COV-2 stem helix SH -11.1 0.00 0.00 

CC99.103 MERS-COV stem helix SH -17.2 0.00 0.00 

CC99.103 SARS-COV-2 stem helix SH -11.3 0.00 0.00 

CC9.113 MERS-COV stem helix SH -12.3 0.00 0.00 

CC9.113 SARS-COV-2 stem helix SH -12.0 0.00 0.00 

CC25.36 MERS-COV stem helix SH -11.2 0.00 0.00 

CC25.36 SARS-COV-2 stem helix SH -11.1 0.00 0.00 

 

IV.1.3. APBS and PDB2PQR 

PDB2PQR software is part of the APBS suite that was developed to assist 

with the conversion of PDB files to PQR format. The PQR file simply replaces the 

temperature and occupancy columns of a PDB flat file with the per-atom charge (Q) 

and radius (R). [23] 

PyMOL can display the results of the calculations as an electrostatic potential 

molecular surface. The potentials are on a [-5,5] red–white–blue color map in units 

of kJ/mol/e. Color-coded electrostatic surface where red indicates negatively charged 

regions of the surface, white neutrally charged and blue positively charged one. 

IV.1.4. PyMOL 
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In addition to employing molecular docking tools like AutoDock Vina and 

HADDOCK2.4, the analysis of their results often involves the utilization of 

visualization software like PyMOL. PyMOL plays a pivotal role in the post-docking 

analysis by providing a comprehensive platform to visualize and interpret the 

generated molecular structures. 

Its functionality allows to visually inspect and analyze the predicted binding 

poses between the antigen and antibody obtained from the docking simulations. 

PyMOL enables the exploration of complex molecular interactions, facilitating a 

deeper understanding of the structural aspects governing the binding affinity and 

interactions between these molecules. This visualization aids in assessing the 

plausibility and accuracy of the predicted binding modes, offering valuable insights 

crucial for subsequent steps in drug design and discovery efforts. 

The following Tables and Figures display the results analyzed using PyMOL. 
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Table III-3 MERS’ Docking residues 

MERS CC25.106 CC95.108 CC99.103 CC9.113 CC25.36 

H
AD

D
O

C
K

2.
4 

H
_b

on
d 

R
es

id
ue

s ASP31 
HIS35 
LYS52 
SER53 
ASN56 
ARG58 
TRP306 

TYR33 
ARG98 

ILE97 
TYR233 

ARG55 
SER77 
ARG78 
ARG211 

PRO14 
ASP62 
THR78 

ARG143 
VAL211 
TYR214 

B
in

di
ng

 si
te

 R
es

id
ue

s 

THR30 
ASP31 
TYR32 
TYR33 
HIS35 
LYS52 
SER53 
ASN56 
THR57 
ARG58 
GLY96 
VAL98 
HIS99 

ASN245 
ASN246 
TRP306 
ASP307 
ASN309 
LEU310 

THR3 
ASP31 
SER32 
TYR33 
ILE50 
LYS52 
SER53 
ASP96 
ARG98 
THR243 
PHE245 
TRP304 
ASP305 
SER306 
THR307 

SER31 
ASP32 
TYR33 
ILE50 
ASN52 
SER55 
GLY56 
THR57 
ARG58 
GLY96 
ILE97 
LEU98 
THR99 
GLY100 
LEU101 
ASN232 
TYR233 
GLY251 
THR254 
TYR292 
GLY293 
SER294 
SER295 
PRO296 
PHE298 

GLY16 
ARG18 
SER53 
ARG55 
ASP61 
ARG62 
SER64 
GLY65 
SER66 
SER77 
ARG78 
GLU80 
SER141 
TRP157 
ILE160 
SER169 
PHE210 
ARG211 
PRO213 

ALA13 
PRO14 
GLY15 
GLN16 
ARG17 
PRO61 
ASP62 
PHE64 
SER65 
ILE77 
THR78 
GLY79 
LEU80 
SER142 
ARG143 
ASN144 
TYR161 
SER164 
ARG208 
GLY209 
VAL210 
VAL211 
GLY212 
TYR213 
TYR214 
ASP215 
MET216 
ASN223 
TRP224 
LEU225 

Au
to

D
oc

k 
Vi

na
 

H
_b

on
d 

R
es

id
ue

s GLU1 
GLN37 
THR80 

LEU4 
LYS45 
ARG61 
GLN105 

TYR32 
TYR33 
SER93 
ILE96 

TYR88 
PHE101 

GLY176 
SER181 
ARG182 
ASN194 

B
in

di
ng

 si
te

 R
es

id
ue

s 

GLU1 
VAL2 
GLN3 

GLN37 
LEU39 
PRO40 
THR42 
PRO44 
LYS45 
SER56 

VAL2 
LEU4 

THR42 
PRO55 
SER56 
GLY57 
ILE58 
PRO59 
ARG61 
GLN79 

ASN31 
ASP32 
TYR33 
TYR49 
ILE50 
ASN52 
GLY56 
ARG58 
TYR91 
GLY92 

PRO41 
GLY42 

THR100 
PHE101 
PRO103 

SER128 
ARG130 
ILE162 
SER163 
SER154 
SER165 
GLY166 
SER167 
GLY176 
ARG177 
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PRO59 
PHE62 
GLN79 
THR80 
GLY81 
GLU83 
TYR102 
TRP103 
GLN109 

GLY81 
ILE101 
PHE102 
TRP103 
GLY104 
GLN105 

PRO95 
PHE96 
GLY99 
LEU100 

PHE178 
SER179 
ILE180 
SER181 
ARG182 
ASP183 
ASN184 
TYR190 
LEU191 
ASN194 
SER195 

Ex
pe

ri
m

en
ta

l R
es

ul
ts

 H
_b

on
d 

R
es

id
ue

s 

VL ASN51 
LYS66 

VH TYR33 
LYS52 
GLY95 

and HIS97 

VL ASN51 
LYS66 

VH TYR33 
LYS52 
GLY95 

and HIS97 

VL ASN51 
LYS66 

VH TYR33 
LYS52 
GLY95 

and HIS97 

- - 

B
in

di
ng

 si
te

 R
es

id
ue

s 

VH ASN56 
VH TYR33 

ILE50 
ARG98/HIS

97 
VL TYR32 

VH ASN56 
VH TYR33 

ILE50 
ARG98/HIS

97 
VL TYR32 

VH TYR33 
ILE50 

VH THR57 
GLY95 
ILE96 

VL TYR32 
TYR91 
PHE96 

VL PRO95 
and PRO95a. 

- - 
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 CC25.106 with MERS-COV stem helix SH HADDOCK results: 

Hydrogen bonds ASP-31 ASN-1241 2.1A, HIS-35 GLU-1234 2.5A, LYS-52 

ASP-1233 2.3A SER-53 GLU1237 2.2A, ASN-56 ASN1225 2.5A, ARG-58 THR-

1227 2.4A, TRP-306 THR-1227 2.1A 

Binding site Residues: THR30 ASP31 TYR32 TYR33 HIS35 LYS52 SER53 

ASN56 THR57 ARG58 GLY96 VAL98 HIS99 ASN245 ASN246 TRP306 ASP307 

ASN309 LEU310 

Note1  : The Broadly Neutralizing Antibodies (BnAb) are displayed as sticks 

with a stick radius of 0.1 and colored according to the CHNOS elements. Meanwhile, 

the stem helix peptide is depicted in a ball-and-stick representation and colored by 

element as CHNOS. 

Note 2: In the provided images, negatively charged regions of the protein are indicated in 

red, while positively charged regions are highlighted in blue. This color scheme emphasizes the 

electrostatic properties of the protein, with red indicating regions with an excess of negative charge 

and blue representing regions with an excess of positive charge. This visual representation helps 

identify potential charge-charge interactions within a protein's structure, providing insight into its 

electrostatic properties. 
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Figure III-2  CC25.106 with MERS-COV stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 
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Figure III-3  CC25.106 with MERS-COV stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 

 CC25.106 with MERS-COV stem helix SH AutoDock Vina results: 

Hydrogen bonds GLU-1 SER-1226 2.3A, GLN-37 GLU-1234 3.2A, THR-80 

GLU-1237 3.1A 

binding site Residues: GLU_1, VAL_2, GLN_3, GLN_37, LEU_39, 

PRO_40, THR_42, PRO_44, LYS_45, SER_56, PRO_59, PHE_62, GLN_79, 

THR_80, GLY_81, GLU_83, TYR_102, TRP_103, GLN_109 
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Figure III-4 CC25.106 with MERS-COV stem helix SH AutoDock Vina H_Bonds visualized 

by PyMOL 

 

 

Figure III-5CC25.106 with MERS-COV stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 

 CC95.108with MERS-COV stem helix SH HADDOCK results: 

2H_Bonds: TYR33 GLU1234 3.3A ARG98 ASP123 3.6A 

Binding site Residues: THR3 ASP31 SER32 TYR33 ILE50 LYS52 SER53 

ASP96 ARG98 THR243 PHE245 TRP304 ASP305 SER306 THR307 
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Figure III-6 CC95.108 with MERS-COV stem helix SH HADDOCK H_Bonds visualized by 

PyMOL 

 

Figure III-7 CC95.108 with MERS-COV stem helix SH HADDOCK electrostatic interaction 

usingAPBS, visualized by PyMOL 

 CC95with MERS-COV stem helix SH AutoDock Vina results: 
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LEU4 THR1227 2.8A LEU4 THR1227 2.5A LYS45 GLU1234 3.0A ARG61 

ASN1241 3.2A GLN105 ASN1225 2.4A 

Binding site Residues: VAL2 GLN3 LEU4 VAL5 THR42 ALA43 LYS45 

LEU46 SER56 GLY57 ILE58 PRO59 ARG61 PHE62 GLN79 TYR91 ILE101 

PHE102 TRP103 GLN105 GLY106 THR122 

 

Figure III-8 CC95.108 with MERS-COV stem helix SH AutoDock Vina H_Bonds visualized 

by PyMOL 



Results and Discussion 

85 
 

 

Figure III-9 CC95.108 with MERS-COV stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 

 CC99.103with MERS-COV stem helix SH HADDOCK results: 

H_Bonds: ILE97 GLN1232 2.6A TYR233 GLU1234 2.1A 

Binding site Residues: SER31 ASP32 TYR33 ILE50 ASN52 SER55 GLY56 

THR57 ARG58 GLY96 ILE97 LEU98 THR99 GLY100 LEU101 ASN232 TYR233 

GLY251 THR254 TYR292 GLY293 SER294 SER295 PRO296 PHE298 
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Figure III-10 CC99.103 with MERS-COV stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 

 

Figure III-11 CC99.103 with MERS-COV stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 

 

 CC99with MERS-COV stem helix SH AutoDock Vina results: H-Bonds: 



Results and Discussion 

87 
 

TYR32 GLU1234 2.7A TYR33 ASP1236 2.5A SER_93, ILE96 GLN1232 

2.7A 

Binding site Residues: ASN31 ASP32 TYR33 TYR49 ILE50 ASN52 GLY56 

ARG58 TYR91 GLY92 PRO95 PHE96 GLY99 LEU100 

 

Figure III-12 CC99.103 with MERS-COV stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 
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Figure III-13 CC99.103 with MERS-COV stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC9.113with MERS-COV stem helix SH HADDOCK results: 

H-Bonds: ARG55 PHE1239 3.4A SER77 ASP1236 4.0A ARG78 GLN1232 

2.0A ARG78 ASP1236 2.6A ARG211 GLN1232 3.4A ARG211 ASP1233 2.5A 

ARG211 ILE1229 1.8A  

Binding site Residues: GLY_16, ARG_18, SER_53, ARG_55, ASP_61, 

ARG_62, SER_64, GLY_65, SER_66, SER_77, ARG_78, GLU_80, SER_141, 

TRP_157, ILE_160, SER_169, PHE_210, ARG_211, PRO_213 
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Figure III-14 CC9.113 with MERS-COV stem helix SH HADDOCK H_Bonds visualized by 

PyMOL 

 

 

Figure III-15 CC9.113 with MERS-COV stem helix SH HADDOCK electrostatic interaction 

calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC9.113with MERS-COV stem helix SH AutoDock Vina results: 
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H_Bonds: TYR88 ASP1236 2.8A PHE101 VAL1242 3.0A 

Binding site Residues: GLN39 PRO41 GLY42 PRO45 PHE84 ALA85 

VAL86 TYR88 LEU99 THR100 PHE101 GLY102 PRO103 GLY104 LYS106 

 

 

Figure III-16 CC9.113 with MERS-COV stem helix SH AutoDock Vina H_Bonds visualized 

by PyMOL 

 

 

Figure III-17 CC9.113 with MERS-COV stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 C25.36 with MERS-COV stem helix SH HADDOCK results: 
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H_bonds: PRO14 GLN1232 1.8A ASP62 THR1227 3.8A, 4.1A THR78 

GLY1228 4.3A ARG143 GLN1232 2.7A VAL211 PHE1238 2.5A TYR214 

PHE1238 3.1A 

Binding site Residues: ALA13 PRO14 GLY15GLN16 ARG17 PRO61 

ASP62 PHE64 SER65 ILE77 THR78 GLY79 LEU80 SER142 ARG143 ASN144 

TYR161 SER164 ARG208 GLY209 VAL210 VAL211 GLY212 TYR213 TYR214 

ASP215 MET216 ASN223 TRP224 LEU225 

 

Figure III-18 CC25.36 with MERS-COV stem helix SH HADDOCK H_Bonds visualized by 

PyMOL 
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Figure III-19 CC25.36 with MERS-COV stem helix SH HADDOCK electrostatic interaction 

calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 

 CC25.36 with MERS-COV stem helix SH AutoDock Vina results: 

H_Bonds: GLY176 LYS1240 2.3A SER181 GLU1234 2.8A ARG182 

ASP1230 3.4A ASN194 GLU1237 3.2A 

Binding site Residues: SER128 ARG130 ILE162 SER163 SER154 SER165 

GLY166 SER167 GLY176 ARG177 PHE178 SER179 ILE180 SER181 ARG182 

ASP183 ASN184 TYR190 LEU191 ASN194 SER195 
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Figure III-20 CC25.36 with MERS-COV stem helix SH AutoDock Vina H_Bonds visualized 

by PyMOL 

 

 

Figure III-21 CC25.36 with MERS-COV stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite visualized by PyMOL 
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Table III-4 SARS Docking residues 

SARS-CoV-2 CC25.106 CC95.108 CC99.103 CC9.113 CC25.36 
H

AD
D

O
C

K
2.

4 

H
_b

on
d 

Re
sid

ue
s 

TYR33 
LYS52 
ASN56 
THR57 
ARG58 
HIS99 

ASN245 
ASN246 
TYR247 
ASN266 
TRP306 

TYR33 
LYS52 
ASN56 
ASP96 
ARG98 
THR243 
PHE245 
LYS279 
TRP304 
SER306 

 

ASN232 
SER253 

ARG18 
SER64 
SER66 

 

Bi
nd

in
g 

si
te

 R
es

id
ue

s 

TYR32 
TYR3 

 HIS35 
ILE 50 
ILE51 
LYS52 
SER53 
GLY55 
ASN56 
THR57 
ARG58 
ASN59 
GLY96 
GLY97 
VAL98 
HIS99 

GLY100 
GLY244 
ASN245 
ASN246 
TYR247 
VAL248 
LYS281 
TRP306 
ASP307 
THR308 
LEU310 
PHE312 

 

TYR33 
HIS35 
ILE50 
ILE51 
LYS52 
ASN56 
THR57 
ARG58 
ASP96 
SER97 
ARG98 
GLY99 

THR243 
ASN244 
PHE245 
LYS279 
SER306 
THR307 
PRO308 
TRP310 

THR230 
LYS231 
ASN232 
TYR233 
VAL234 
TYR250 
GLY251 
ALA252 
SER253 
THR254 
GLY265 
SER266 
GLY267 
PHE272 
GLY293 
SER294 

GLY16 
GLU17 
ARG18 
ALA19 
LEU21 
SER22 
CYS23 
LYS31 
LEU34 
ALA35 
TRP36 
ILE49 
TYR50 
GLY51 
ALA52 
SER53 
SER54 
ARG62 
PHE63 
SER64 
GLY65 
SER66 
GLY67 
SER68 
ASP71 
PHE72 
LEU74 
ILE76 
SER77 
ARG78 
CYS89 
GLY90 
SER141 

 

GLY_15 
ARG_17 
SER_54 
ASP_62 

SER_142 
VAL_210 
VAL_211 
GLY_212 
TYR_213 
ASN_223 

 



Results and Discussion 

95 
 

Au
to

D
oc

k 
Vi

na
 

H
_b

on
d 

Re
sid

ue
s 

ASN30 
TYR32 
TYR33 
ASN51 
LYS52 
YS66 

TRP91 
THR93 
HIS98 

LYS45 
TRP103 

LEU4 
ARG61 
ASP101 

 

TRP157 

SER11 
ARG17 
THR19 
SER67 
SER 

Bi
nd

in
g 

si
te

 R
es

id
ue

s 

ASN31 
TYR33 
ILE50 
LYS52 
ASN56 
ARG58 
LYS66 
TRP91 
THR93 
PHE96 
GLY99 

 

VAL2 
GLN3 
LEU4 
VAL5 

THR42 
ALA43 
LYS45 
LEU46 
SER56 
GLY57 
ILE58 
PRO59 
ARG61 
PHE62 
GLN79 
TYR91 
ILE101 
PHE102 
TRP103 
GLN105 
GLY106 
THR122 

GLN1 
VAL2 
GLN3 
LEU4 
LYS39 
GLN42 
ALA43 
PRO44 
ARG45 
GLY57 
ILE58 
PRO59 
ARG61 
GLU81 
ASP101 
TYR102 
TRP103 
GLY104 

 

HIS145 
LEU-155 
GLU156 
TRP157 
TYR170 
ALA171 
PRO172 
LYS173 
GLY212 
PRO213 
PHE215 

 

SER9 
VAL10 
SER11 
ARG17 
VAL18 
THR19 
SER65 
GLY66 
SER67 
LYS68 
SER69 
SER74 
LEU75 

 

Ex
pe

ri
m

en
ta

l R
es

ul
ts

 H
_b

on
d 

Re
sid

ue
s VL ASN51 

LYS66 
VH TYR33 

LYS52 
GLY95 
HIS97 

VL ASN51 
LYS66 

VH TYR33 
LYS52 
GLY95 
HIS97 

VL ASN51 
LYS66 

VH TYR33 
LYS52 
GLY95 
HIS97 

  

Bi
nd

in
g 

si
te

 R
es

id
ue

s 

VH ASN56 
VH TYR33 

ILE50 
ARG98/HIS97 

VL TYR32 

VH ASN56 
VH TYR33 

ILE50 
ARG98/H97 
VL TYR32 

VH TYR33 
ILE50 

VH THR57 
GLY95 
ILE96 

VL TYR32 
TYR91 
PHE96 

VL PRO95 
PRO95a. 
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 CC25.106 with SARS-COV-2 stem helix SH HADDOCK results: 

H-bonds: LYS52 GLU1151 1.6A,2.3A TYR33 GLU1151 2.2A ASN56 

SER1147 1.8A HIS99 TYR1155 2.0A THR57 LEU11451.8A ARG58 ASP1146 

1.6A,2.7A TRP306 ASP1153 1.9A ASN246 LYS1157 1.9A ASN245 ASN1158 1.8A 

LYS281 ASN1158 2.0A ASN-266 ASN-1158 1.8A TYR247 PHE1156 2.0A HIS99 

TYR1155 2.0A [TYR33 LYS52 ASN56 THR57 ARG58 HIS99 ASN245 ASN246 

TYR247 ASN266 TRP306] 

Binding site Residues: TYR32 TYR33 HIS35 ILE50 ILE51 LYS52 SER53 

GLY55 ASN56 THR57 ARG58 ASN59 GLY96 GLY97 VAL98 HIS99 GLY100 

GLY244 ASN245 ASN_246 TYR247 VAL248 LYS281 TRP306 ASP307 THR308 

LEU310 PHE312 

 

Figure III-22 CC25.106 with SARS-COV-2 stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 
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Figure III-23 CC25.106 with SARS-COV-2 stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC25.106 with SARS-COV-2 stem helix SH AutoDock Vina results: 

H- bonds: LYS52 GLU1151 2.8A TYR33 GLU1151 2.7A HIS98 TYR1155 

3.4A TYR32 PHE1156 3.3A ASN51 ASN1158 2.9A LYS66 ASN1158 3.2A ASN30 

ASN1158 1.8A TRP91 ASP1153 2.8A THR93 LYS1149 1.9A [ASN30 TYR32 

TYR33 ASN51 LYS52 LYS66 TRP91 THR93 HIS98] 

Binding site Residues: ASN31 TYR33 ILE50 LYS52 ASN56 ARG58 LYS66 

TRP91 THR93 PHE96 GLY99 
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Figure III-24 CC25.106 with SARS-COV-2 stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 

 

Figure III-25 CC25.106 with SARS-COV-2 stem helix SH AutoDock electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 
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 CC95.108 with SARS-COV-21 stem helix SH HADDOCK results:  

H_Bonds: TYR33 GLU1151 1.9A LYS52 GLU1151 3.2A ASN56 SER1147 

3.4A ASP96 TYR1155 2.6A ARG98 TYR1155 2.8A,2.7A THR243 ASN1158 2.1A 

PHE245 PHE1156 3.1A LYS279 ASN1158 3.4A TRP304 ASP1153 2.8A SER306 

LYS1149 2.6A SER306 ASP1153 3.5A 

Binding site Residues: TYR33 HIS35 ILE50 ILE51 LYS52 ASN56 THR57 

ARG-58 ASP96 SER97 ARG98 GLY99 THR243 ASN244 PHE245 LYS279 

SER306 THR307 PRO308 TRP310 

 

Figure III-26 CC95.108 with SARS-COV-2 stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 
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Figure III-27 CC95.108 with SARS-COV-2 stem helix SH HADDOCK 

electrostaticinteraction calculations using the APBS-PDB2PQR software suite, visualized 

by PyMOL 

 CC95with SARS-COV-2 stem helix SH AutoDock Vina results:  

H_Bonds: LYS45 LYS1149 3.5A LYS45 ASP1153 2.5A TRP103 ASP1146 

2.4A 

Binding site Residues: VAL-2 LEU-4 THR-42 PRO-55 SER-56 GLY-57 

ILE-58 PRO-59 ARG-61 GLN-79 GLY-81 ILE-101 PHE-102 TRP-103 GLY-104 

GLN-105  
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Figure III-28 CC95.108 with SARS-COV-2 stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 

 

Figure III-29 CC95.108 with SARS-COV-2 stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC99.103with SARS-COV-2 stem helix SH HADDOCK results: 

H_Bonds: ASN232 PHE1148 1.9A SER253 LEU1145 1.5A 
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Binding site Residues: THR230 LYS231 ASN232 TYR233 VAL234 

TYR250 GLY251 ALA252 SER253 THR254 GLY265 SER266 GLY267 PHE272 

GLY293 SER294 

 

 

Figure III-30 CC99.103 with SARS-COV-2 stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 

 

 

Figure III-31 CC99.103 with SARS-COV-2 stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC99with SARS-COV-2 stem helix SH AutoDock Vina results: 

H_Bonds: LEU4 ASP1146 2.5A ARG61 ASN1158 3.0A ASP101 LYS1149 

2.5A 
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Binding site Residues: GLN1 VAL2 GLN3 LEU4 LYS39 GLN42 ALA43 

PRO44 AR-45 GLY-57 ILE58 PRO59 ARG61 GLU81 ASP101 TYR102 TRP103 

GLY104 

 

Figure III-32 CC99.103 with SARS-COV-2 stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 

 

Figure III-33 CC99.103 with SARS-COV-2 stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

CC9.113with SARS-COV-2 stem helix SH HADDOCK results: 

H_Bonds: ARG18 GLU1150 2.2A ARG18 SER1147 3.2A SER-64 LYS1157 

2.0A SER-64 ASP1153 2.5A, 2.9A SER-66 LYS1157 1.1A SER-66 LYS1154 3.1A 
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Binding site Residues: GLY16 GLU17 ARG18 ALA19 LEU21 SER22 

CYS23 LYS31 LEU34 ALA35 TRP36 ILE49 TYR50 GLY51 ALA52 SER53 

SER54 ARG62 PHE63 SER64 GLY65 SER66 GLY67 SER68 ASP71 PHE72 LEU-

74 ILE-76 SER77 ARG78 CYS89 GLY90 SER141 

 

 

Figure III-34 CC9.113 with SARS-COV-2 stem helix SH HADDOCK H_Bonds visualized 

by PyMOL 

 

Figure III-35 CC9.113 with SARS-COV-2 stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC9.113with SARS-COV-2 stem helix SH AutoDock Vina results: 



Results and Discussion 

105 
 

H_Bonds: TRP157 ASP1153 3.3A 

Binding site Residues: HIS145 LEU155 GLU156 TRP157 TYR170 ALA171 

PRO172 LYS173 GLY212 PRO213 PHE215   

 

 

Figure III-36 CC9.113 with SARS-COV-2 stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 

 

 

 

Figure III-37 CC9.113 with SARS-COV-2 stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC25.36 with SARS-COV-2 stem helix SH HADDOCK results: 
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Binding site Residues: GLY15 ARG17 SER54 ASP62 SER142 VAL210 

VAL211 GLY212 TYR213 ASN223 

 

Figure III-38 CC25.36 with SARS-COV-2 stem helix SH HADDOCK electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 

 CC25.36 with SARS-COV-2 stem helix SH AutoDock Vina results: 

H_Bonds: SER11 ASN1158 3.0A, 3.1A ARG17 ASP1153 2.8A THR19 

ASP1153 3.2A SER67 GLU1150 3.1A SER67 LYS1149 2.3A SER74 ASP1153 

2.9A  

 Binding site Residues: SER9 VAL10 SER11 ARG17 VAL18 THR19 SER65 

GLY66 SER67 LYS68 SER69 SER74 LEU75 
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Figure III-39 CC25.36 with SARS-COV-2 stem helix SH AutoDock Vina H_Bonds 

visualized by PyMOL 

 

 

 

Figure III-40 CC25.36 with SARS-COV-2 stem helix SH AutoDock Vina electrostatic 

interaction calculations using the APBS-PDB2PQR software suite, visualized by PyMOL 
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IV.2. Discussion 

Current research endeavors primarily focus on isolating and characterizing 

bnAbs from individuals previously infected with HCoVs. These efforts aim to 

identify and develop bnAbs capable of effectively neutralizing the virus by targeting 

the stem helix region, a crucial site for neutralization. 

The exploration of bnAbs for coronaviruses aims to develop effective 

treatments by characterizing these antibodies, understanding their mechanisms of 

action, and evaluating their efficacy in preclinical and clinical trials. 

In our referenced study, bnAbs were selected based on Zhou, P. et al.'s 

investigation, deriving from a collection established in Zhou's research. This 

assortment of β-CoV spike stem-helix bnAbs was procured using SARS-CoV-2 and 

MERS-CoV S proteins as bait. The approach involved isolating 40 stem-helix 

monoclonal antibodies (mAbs) from 10 convalescent COVID-19 donors. This 

targeted isolation process focused on specific single B cells responsive to the antigen. 

Such an approach holds substantial promise in elucidating intricate antibody-virus 

interactions concerning the viral stem helices. 

The method's efficacy lies in its specificity, isolating antibodies finely tuned 

to recognize and potentially neutralize the viral stem regions. This not only broadens 

our understanding of viral structures but also illuminates potential therapeutic targets, 

offering a pathway for decoding crucial antibody-virus interactions vital in combating 

viral infections. 

Furthermore, employing computational techniques such as HADDOCK and 

AutoDock Vina showcases robust methodologies for predicting and scrutinizing 

bnAb-virus interactions. Insights gleaned from affinity scores, RMSD values, Z-

scores, and residue interactions provide substantial structural details. These insights 
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are instrumental in recognizing potential therapeutic targets and enhancing our 

comprehension of bnAb-MERS-CoV interactions. 

The comprehensive analysis integrating various parameters such as 

HADDOCK score, affinity scores, RMSD values, Z-scores, and identification of 

interacting residues plays a pivotal role in prognosticating the binding efficacy of 

Broadly Neutralizing Antibodies (bnAbs) with the Human Coronavirus (HCoV) stem 

helix. This detailed assessment provides crucial insights into potential high-affinity 

binding locales, the precision of predicted structural conformations, the reliability of 

docking predictions, and the pivotal amino acid residues engaged in the interaction. 

Such a comprehensive approach facilitates an in-depth understanding of the binding 

efficacy and structural configurations of bnAbs with the HCoV stem helix. Moreover, 

it aids in identifying potential therapeutic targets and guides further experimental 

investigations. 

∗ HADDOCK score operates in two phases: 

Calculation of a weighted sum for each docking stage within the HADDOCK 

protocol. 

New 1000 Standard settings 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 1.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 1.0𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.01𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.01𝐵𝐵𝑆𝑆𝐻𝐻 

𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅 − 𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓𝑅𝑅𝑏𝑏𝑓𝑓𝑆𝑆 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 1.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 1.0𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.1𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.01𝐵𝐵𝑆𝑆𝐻𝐻 

𝑊𝑊𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑓𝑓𝑅𝑅𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑊𝑊 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 1.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 0.1𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.1𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.0𝐵𝐵𝑆𝑆𝐻𝐻 

 

The sum for each stage is computed by combining the weighted energies of 

van der Waals, electrostatics, desolvation, and restraint violation energies specific to 

that stage. 

New 1000 Buried settings 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑏𝑏𝑏𝑏𝑅𝑅𝑏𝑏 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 0.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 1.0𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.01𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.01𝐵𝐵𝑆𝑆𝐻𝐻 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅 − 𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓𝑅𝑅𝑏𝑏𝑓𝑓𝑆𝑆 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 1.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 1.0𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.1𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.01𝐵𝐵𝑆𝑆𝐻𝐻 

𝑊𝑊𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑓𝑓𝑅𝑅𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑊𝑊 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆 = 1.0𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 + 0.1𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 1.0𝐸𝐸𝑣𝑣𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑣𝑣 + 0.1𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 0.0𝐵𝐵𝑆𝑆𝐻𝐻 

 

HADDOCK 2.2 @BonvinLab. HADDOCK2.2 manual: Analysis. 

http://www.bonvinlab.org/software/haddock2.2/introduction/ (accessed Feb 4, 

2020). 

These HADDOCK results display the following energy values for interactions 

between bnAbs and specific coronavirus Stem Helices: 

SARS-CoV-2 Stem Helix (SH): 

-164.2 +/- 1.4 CC25.106 bnAb 

-79.9+/-3.0 CC95.108 bnAb 

-91.1 +/- 4.7 CC99.103 bnAb 

-15.0 +/-7.1 CC9.113 bnAb  

MERS-CoV Stem Helix (SH): 

-120.6 +/- 1.2 CC95.108 bnAb 

-107.8 +/- 2.7 CC99.103 bnAb 

-23.2 +/- 9.1 CC9.113 bnAb 

-19.0 +/- 6.7 CC25.36 bnAb 

Based on studies CC25.106, CC95.108, and CC99.103, the stem-helix bnAbs 

displayed comparable neutralization IC50s for SARS-CoV- 

2 in two assay formats. When tested against replication-competent MERS-

CoV, they exhibited higher titers (lower IC50 values) in contrast to the pseudovirus 

format. All three stem-helix bnAbs showed protection against severe beta-

coronavirus disease, with CC25.106 demonstrating superior efficacy compared to the 

other two bnAbs. 
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In Song.G.'s research, CC25.36, part of the bnAb panel exclusively tested 

against the RBD, unveiled that various antibody germline solutions within group 1 

bnAbs converge to identify a shared conserved RBD bnAb site. This site is 

exemplified by the class 4 epitope-targeting monoclonal antibody, CR3022. 

However, this particular study aims to explore the efficacy of CC25.36 against the 

stem helix of human coronavirus (HCoV). 

Drawing from the prior study and considering the HADDOCK score values, 

it's evident that the interaction of C25.106 with the stem helix exhibits the highest 

potency. Additionally, when tested against MERS-CoV, this particular bnAb 

demonstrates more robust neutralization. The lower HADDOCK scores observed 

against MERS suggest a more stable interaction between the bnAb and the virus. 

Furthermore, based on the HADDOCK score findings, there's a suggestion 

that CC9.113 holds promise as a therapeutic candidate. 

∗ As energy values signify the energetic stability of the respective bnAb 

interactions with the SARS-CoV-2 and MERS-CoV Stem Helices, lower energy 

values typically suggest more favorable and stable interactions between the bnAbs 

and their target viral components.  

The evaluation of affinity scores, measured in kcal/mol, serves as an indicator 

of the strength of interactions between bnAbs and the HCoV stem helix. Lower scores 

signify robust binding interactions, illuminating potential crucial sites for high-

affinity binding. Conversely, higher scores may denote weaker or non-specific 

interactions. 

The AutoDock Vina results revealed notable affinity scores for interactions 

between bnAbs and HCoV stem helices: 

For SARS-CoV-2 Stem Helix (SH): 
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The best affinity score was -21.8 kcal/mol observed with CC25.106 bnAb  

For MERS-CoV Stem Helix (SH): 

The most favorable affinity scores were -17.2 kcal/mol with CC99.103 bnAb, 

-12.5 kcal/mol with CC95.108 bnAb, and -12.3 kcal/mol with CC9.113 bnAb. 

Comparing these results with experimental data, CC25.106 demonstrated the 

most efficient neutralization of HCoV SH.  

Considering CC9.113 lacks available experimental data for comparison, its 

affinity scores of -12.0 kcal/mol for SARS-CoV-2 Stem Helix (SH) and -12.3 

kcal/mol for MERS-CoV SH, within the context of AutoDock Vina results, 

demonstrate promising interactions. These scores indicate a substantial binding 

affinity between CC9.113 and the respective stem helices of both coronaviruses. 

∗ Root Mean Square Deviation (RMSD) measurements quantify the  

structural differences between predicted and experimental structures. Lower RMSD 

values signify a closer alignment between the docked and actual conformations, 

signifying accuracy in prediction. Conversely, higher RMSD values indicate potential 

inaccuracies in the predicted docking poses. 

To assess the AutoDock Vina results, we selected the initial ligand 

conformation from each bnAb-Human Coronavirus Stem Helix (HCoV SH) complex 

with RMSD values equal to 0 for both lower and upper bounds. 

In the case of HADDOCK results, we considered the best RMSD derived from 

the structure with the lowest overall energy: 

CC25.106 with SARS-CoV-2 Stem Helix (SH): RMSD of 2.3 +/- 1.9 Å 

CC99.103 with MERS-CoV Stem Helix (SH): RMSD of 2.4 +/- 1.7 Å 

CC9.113 with MERS-CoV Stem Helix (SH): RMSD of 1.1 +/- 0.6 Å 

CC9.113 with SARS-CoV-2 Stem Helix (SH): RMSD of 0.9 +/- 0.6 Å 
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Comparing these RMSD values with experimental data, CC25.106 

demonstrated effectiveness in neutralizing HCoV SH. Interestingly, despite lacking 

available experimental data, the RMSD values indicate that CC9.113 could 

potentially serve as a promising therapeutic candidate. 

∗ Z-scores, evaluating the quality and significance of docking 

predictions, also play a pivotal role. Lower Z-scores validate the reliability and 

accuracy of predictions, thereby enhancing confidence in the forecasted binding 

modes by aligning more closely with experimental or expected binding 

conformations. 

The HADDOCK results exhibit Z-scores as outlined below for different bnAb 

interactions with SARS-CoV-2 and MERS-CoV Stem Helices: 

SARS-CoV-2 Stem Helix (SH): -1.0 CC25.106, -1.3 C25.36, -1.7 CC95.108, 

-1.9 CC9.113, -2.8 CC99.103 

MERS-CoV Stem Helix (SH): -1.4 CC9.113, -2.2 CC25.106, -2.2 CC99.103, 

-2.2 C25.36, -2.7 CC95.108 

Lower Z-scores indicate better agreement with experimental data or expected 

binding conformations, providing higher confidence in the predicted binding modes. 

Given that CC25.106 has demonstrated experimental broad neutralization against the 

HCoV stem helix, a comparison of the z scores between CC9.113 and CC25.106 

suggests the potential of CC9.113 as a promising therapeutic candidate. 

∗ Identifying interacting residues on both bnAbs and the HCoV stem 

helix aids in confirming the reliability of predicted binding sites. Residues conserved 

or critical in binding interactions highlight functional regions crucial for the 

interaction between bnAbs and the HCoV. 
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Our findings, focusing on the residues engaged in hydrogen bond formation 

and electrostatic interactions with the epitope identified in Zhou.p.'s study, reveal a 

substantial presence of residues within a 5-angstrom cutoff distance for the interaction 

between CC9.113 and HCoV. The APBS results reveal distinct electrostatic 

interactions between the MERS stem helix and the CC9.113 bnAb. Notably, the 

MERS stem helix shows a negatively charged surface, shown in red, while it is 

located in close proximity to regions on the CC9.113 bnAb represented in blue. This 

observation indicates that there is a significant electrostatic interaction between 

negatively charged residues on the MERS stem helix and positively charged residues 

on the CC9.113 bnAb. The generative view strongly suggests that the MERS stem 

helix possesses a negatively charged complementary surface region. Importantly, the 

binding mechanism between these two proteins is mostly influenced by charge 

attraction, highlighting electrostatic forces as a key driving factor in their interaction. 

The SARS stem helix also displays blue and red regions, with a slight prevalence of 

negative charges. The proximity of blue and red regions in both the stem helix and 

bnAbs indicates that electrostatic interactions predominantly govern their binding. 

This observation potentially signifies a more robust and enduring interaction, 

suggesting that CC9.113 holds promise as a potent and stable candidate for further 

consideration. 

In summary, while C25.106 demonstrates strong performance across multiple 

parameters, including neutralization and stability in interactions, CC9.113 as mAb 

tested for broad neutralization efficacy against H-CoV SH, exhibits promising 

characteristics in binding affinity, molecular interaction, and residue engagement, 

suggesting its potential as a potent therapeutic candidate against coronaviruses. 

Further experimental validation is warranted to confirm and leverage these findings 
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for therapeutic development. Considering that HADDOCK2.4 harness the power of 

CNS (Crystallography and NMR System) for structure calculation of molecular 

complexes., it becomes crucial to emphasize that the results obtained for broadly 

neutralizing antibodies (bnAbs) with predicted 3D structures require further 

investigation and comprehensive studies. More in-depth research is recommended to 

ensure the robustness and reliability of the results, and to align them more closely 

with the standards set by experimental techniques such as NMR and crystallography. 

This careful approach is essential to harness the full potential of the predicted 

structures and derive meaningful insights to advance this work. Given the superior 

efficacy of broadly neutralizing antibodies (bnAbs) targeting the receptor binding 

domain (RBD) compared to those directed to the stem-helix region, future research 

is recommended to build on these findings. A suggested course of action involves 

conducting in-depth studies using two distinct bnAbs specifically designed against 

the stem helix. This approach aims to delve into the complexities of their affinity, 

elucidate their precise binding properties, and comprehensively understand their 

potential impact. Such detailed investigations could contribute valuable insights for 

therapeutic development and further refine our understanding of the stem-helix 

region's role in antibody-mediated responses against coronaviruses. 

IV.3. Limitaions: 

Our study is constrained by certain limitations. Primarily, we focused solely 

on investigating two bnAbs against the stem helices of SARS-CoV-2 and MERS-

CoV due to time constraints, limiting the breadth of our analysis. Moreover, the 

existing sanctions have led to a restricted availability of open-source docking 

programs in our region, significantly limiting our access to these essential tools for 

conducting research and advancing scientific investigations. 



Results and Discussion 

116 
 

IV.4. Conclusions: 

Our study aimed to explore the broad neutralization capabilities of two 

monoclonal antibodies CC9.113 and CC25.36 against the stem helices of SARS-

CoV-2 and MERS-CoV. To achieve this, we utilized the HADDOCK2.4 Webserver 

and AutoDock Vina program for docking simulations and employed PyMOL for 

visualizing and determining the binding interfaces. Our analysis incorporated 

parameters such as HADDOCK score, affinity score, z score, and residues involved 

in the interaction interface. 

Upon assessing these docking results and comparing them with the 

corresponding outcomes of three tested bnAbs known for their broad neutralization 

effects against HCoV, our findings suggest the potential of CC9.113 as a promising 

therapeutic agent. The comprehensive evaluation of various parameters, including 

molecular interactions and binding characteristics, supports the candidacy of 

CC9.113 for therapeutic development against coronaviruses. 

For future investigations, expanding the comparison to include a broader 

spectrum of bnAbs would enhance the accuracy and value of our conclusions. This 

approach aims to leverage comprehensive comparative analyses to streamline 

experimental work, minimize resource investment, and reduce both time and costs 

associated with therapeutic development endeavors. 
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Extract Conclusions 

The Middle East Respiratory Syndrome Coronavirus (MERS-CoV), a 

member of the coronavirus family akin to SARS-CoV and SARS-CoV-2, is 

characterized by its crown-like appearance due to spike proteins on its surface. This 

pathogen has garnered attention for causing severe respiratory illness, leading to 

outbreaks with considerable morbidity and high mortality rates reaching up to 35%. 

Despite its relatively low reported cases compared to other respiratory diseases, the 

potential for large-scale outbreaks remains a global concern due to its substantial 

fatality rate. 

Primarily transmitted through zoonotic origins, with dromedary camels 

serving as the primary reservoir, human infections often arise from direct or indirect 

contact with infected camels or through person-to-person transmission, especially 

within healthcare settings. 

The significance of MERS-CoV lies in its pathogenicity, the potential for 

outbreaks, zoonotic origins, and the limited treatment options available. Addressing 

the threat posed by MERS-CoV necessitates effective therapeutic interventions, 

making the exploration of treatments like Broadly Neutralizing Antibodies (bnAbs) a 

crucial area of study in combatting this and similar coronaviruses. 

In the pursuit of effective treatments for MERS-CoV, a diverse array of agents 

has been evaluated. Among these candidates, bnAbs have emerged as highly 

promising therapeutic options due to their capacity to effectively target and neutralize 

various strains or variants of a specific virus, making them invaluable in combating 

viral infections like MERS and other coronaviruses. 

BnAbs possess the unique ability to recognize conserved epitopes, such as the 

Stem Helix peptide, on viral antigens. This exceptional trait enables them to neutralize 
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different strains or subtypes of Human Coronaviruses (HCoVs), rendering bnAbs 

potent candidates for therapeutic agents against MERS-CoV. 

The investigation delineates a comprehensive analysis of monoclonal 

antibodies' (bnAbs) efficacy against severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) and Middle East respiratory syndrome coronavirus (MERS-CoV). 

Our exploration incorporates computational methodologies, specifically molecular 

docking, as an expedient approach to elucidate antibody-antigen complex structures. 

The study centers on five distinct bnAbs and their interactions with the stem helices 

of SARS-CoV-2 and MERS-CoV employing HADDOCK and AutoDock Vina. 

The findings highlight the comparability in neutralization effectiveness of 

stem-helix bnAbs for SARS-CoV-2 in two assay formats. Notably, these bnAbs 

demonstrated heightened titers against replication-competent MERS-CoV compared 

to the pseudo-virus format. Of particular significance is CC25.106, displaying 

superior efficacy among the three stem-helix bnAbs in safeguarding against severe 

beta-coronavirus disease. Additionally, CC25.36's and cc9.113 assessment against 

the stem helix of human coronaviruses (HCoV) aims to shed light on their therapeutic 

potential. 

Molecular docking analysis, facilitated by HADDOCK and AutoDock Vina, 

enriched our understanding of bnAb-MERS-CoV interactions through metrics such 

as affinity scores, RMSD values, Z-scores, and residue interactions. While CC25.106 

exhibits robust performance across multiple parameters, CC9.113 emerges as a 

compelling therapeutic candidate due to its promising characteristics in binding 

affinity, molecular interaction, and residue engagement against coronaviruses, 

especially H-CoV SH. 
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However, the study has limitations, primarily stemming from a narrowed 

focus on only two bnAbs against SARS-CoV-2 and MERS-CoV due to time 

constraints. Furthermore, limited access to open-source docking programs due to 

existing sanctions constrained the breadth of the analysis. 

In summary, our study highlights CC9.113 as a promising therapeutic solution 

against coronaviruses, leveraging a thorough assessment of molecular interactions 

and binding traits. Using bioinformatics tools aligned with a reference study, our 

results and models serve as a foundational resource, offering insights into interactions 

among various human respiratory viruses. To fortify these findings, future research 

should broaden the comparison to encompass a broader spectrum of bnAbs. This 

expansion aims to strengthen the depth and credibility of conclusions, ultimately 

facilitating more efficient therapeutic development endeavors. 
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