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Zusammenfassung 

 Das Humane Cytomegalievirus (HCMV) verursacht weltweit verbreitete Infektionen, die 

typischerweise asymptomatisch verlaufen und in derem Rahmen das Virus in einem latenten 

Zustand im Wirt verbleibt. Unter Immunsuppression kann das Virus jedoch reaktiviert werden 

und schwere Erkrankungen hervorrufen. Die United States Food and Drug Administration 

(USFDA) hat sechs antivirale Wirkstoffe zur Pra vention und/oder Behandlung von HCMV-

Infektionen zugelassen: Ganciclovir, Valganciclovir, Cidofovir, Foscarnet, Letermovir 

(ausschließlich zur Prophylaxe) und Maribavir. Trotz ihrer Wirksamkeit ist die Anwendung 

dieser antiviralen Therapeutika durch eine oder mehrere der folgenden Herausforderungen 

eingeschra nkt: Toxizita t, eingeschra nkte Effektivita t sowie die Entstehung von 

Arzneimittelresistenzen. Dies unterstreicht den dringenden Bedarf an neuartigen antiviralen 

Wirkstoffen, die sowohl hochwirksam als auch sicherer sind und essentielle virale Proteine 

gezielt inhibieren, um das Risiko einer Resistenzentwicklung zu minimieren. 

 Ziel dieser Studie war es, das bestehende Spektrum an HCMV-Therapeutika durch die 

Etablierung einer struktur-basierten Arzneimittelentwicklungs-Pipeline fu r drei distinkte 

HCMV-Proteinziele zu erweitern: den pUL94/pUL99-Komplex, pUL98 und pUL77. Im Rahmen 

dieser Arbeit wurde die strukturelle Charakterisierung zweier dieser HCMV-Zielproteine 

verfolgt, wobei Kristallisationsmethoden in Kombination mit sogenannten „crystallization 

chaperones“ sowie alternative Verfahren wie der Einzelpartikelanalyse mittels Kryo-

Elektronenmikroskopie (cryo-EM) zum Einsatz kamen. Die resultierenden atomaren Strukturen 

sollen ein virtuelles Hochdurchsatz-Screening fu r niedermolekulare Verbindungen ermo glichen, 

um potenzielle antivirale Kandidaten zu identifizieren. Daru ber hinaus verfolgten wir das Ziel, 

eine teilautomatisierte virtuelle Screening-Workflow zu etablieren und spezifische Inhibitoren 

der Protein-Protein-Interaktion gegen pUL77 zu identifizieren. 

Zuna chst exprimierte ich pUL98 in E. coli und konnte es bis zur Homogenita t reinigen. 

Da erste robotergestu tzte Kristallisationsversuche erfolglos blieben, wurden Sybodies und 

Megabodies als kristallisationsfo rdernde Chaperone fu r pUL98 eingesetzt. Leider fu hrten diese 

Ansa tze nicht zur Bildung von Kristallen mit ausreichender Qualita t. 

 Fu r den pUL94/pUL99-Komplex standen zu Beginn der Arbeit bereits Sybodies zur 

Verfu gung. Da sich auch hier keine geeigneten Kristalle erzeugen ließen, wurde eine 

Zusammenarbeit mit der Gruppe von Maya Topf am CSSB in Hamburg initiiert, um die 

Komplexstruktur mittels Einzelpartikelanalyse durch Kryo-EM zu untersuchen. Zur 

Verbesserung des Partikelkontrasts in der Kryo-EM entwickelte ich auf Basis der vorhandenen 

Sybodies sogenannte Legobodies, die an pUL94/pUL99 binden. Dennoch zeigte der Komplex eine 

ausgepra gte heterogene Zusammensetzung und Konformation, was die erreichbare Auflo sung 

auf etwa 6 A  begrenzte. 

Abschließend nutzte ich die publizierten Strukturen des pentameren und monomeren 

pUL77, um einen Consensus-Screening-Workflow fu r pUL77 zu etablieren. Dabei kamen mehrere 

Scoring-Funktionen, Docking-Tools sowie erga nzende Selektionskriterien zum Einsatz. Dies 

ermo glichte die Identifizierung u bereinstimmender Liganden-Posen aus zwei Docking-

Programmen und erho hte damit die Wahrscheinlichkeit fu r Treffer (true positives). Durch den 

Einsatz von Clustering-Algorithmen konnten die Moleku le weiter analysiert und die Rate 

potenzieller Wirkstofftreffer sowie die Auswahl von Leitstrukturen verbessert werden. Die aus 

dieser Screening-Workflow resultierenden Hitkandidaten wurden bereits bestellt und sollen nun 

von unseren Kooperationspartnern in zellula ren HCMV-Infektionsmodellen getestet werden. 

Zusammenfassend wurde in dieser Arbeit eine effiziente Workflow fu r das virtuelle 

Screening niedermolekularer Substanzen mit verbesserten Trefferquoten etabliert, deren 

Ergebnisse u ber die konventionelle Bewertung mittels Docking-Scores hinausgehen. Dieser 



   

Ansatz soll die Effizienz der struktur-basierten antiviralen Wirkstoffforschung gegen HCMV 

signifikant steigern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Abstract 

Human cytomegalovirus (HCMV) causes widespread infections globally, typically 

remaining asymptomatic and latent. However, under conditions of immunosuppression, HCMV 

can reactivate and cause severe disease. The United States Food and Drug Administration 

(USFDA) has approved six antivirals for prevention and/or treatment of HCMV infection: 

Ganciclovir, Valganciclovir, Cidofovir, Foscarnet, Letermovir (only prophylaxis), and Maribavir. 

Despite their efficacy, these antivirals face one or more of the following challenges: toxicity, 

efficacy, and the emergence of drug resistance. This highlights the urgent need for novel antivirals 

that are both effective and safer, targeting essential viral proteins to minimize resistance. 

This study aimed to extend the available HCMV drugs by establishing structure-based 

drug design pipeline for three distinct HCMV protein targets, namely the pUL94/pUL99 complex, 

pUL98 and pUL77. I worked towards the structural characterization of two HCMV targets, 

employing crystallization methods in combination with crystallization enhancing scaffolds as 

“crystallization chaperones” as well as alternative methodologies like cryo-EM single particle 

analysis.  The resulting atomic structures will pave the way for virtual screening of small 

molecules to identify potential antiviral candidates. Additionally, we aimed to establish a semi-

automated virtual screening workflow and screen for protein-protein interaction inhibitors 

against HCMV pUL77.  

I initially expressed pUL98 in E.coli and purified it to homogeneity. Since initial robotic 

crystallization experiments remained unsuccessful, I employed sybodies and megabodies as 

“crystallization chaperones” for pUL98. Unfortunately, crystallizing pUL98 with sybodies or 

megabodies did not yield diffraction-quality crystals.  

For the pUL94/pUL99 complex sybodies were already available at the beginning of this 

thesis, and as crystallization also remained unsuccessful, we started a collaboration with the 

group of Maya Topf at CSSB; Hamburg, to characterize the complex structure using cryo-EM 

single particle analysis. To increase particle contrast in cryo-EM, I used the existing sybodies to 

engineer legobodies binding pUL94/pUL99, but the complex showed significant compositional 

and conformational heterogeneity, limiting the obtained resolution to ~6A . 

 Finally, I used the reported cryo-EM structure of the pUL77 pentamer to establish a 

consensus virtual screening workflow for pUL77 using multiple scoring functions, docking tools 

and additional screening parameters. This allowed us to identify consensus poses from two 

docking tools and attempt to improve probability of true-positive hits. Clustering algorithms 

were used to scrutinize the molecules further, enhancing the hit identification rate and lead 

selection. The shortlisted molecules from this screening workflow have been ordered and will be 

tested by our collaboration partners in cell culture models for HCMV infection. 

In conclusion, this work established a workflow for virtually screening molecules with 

improved hit rates, moving beyond reliance on docking scores alone. This workflow aims to 

enhance the efficiency of structure-based antiviral discovery targeting HCMV infection. 
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1. Introduction 

 
1.1 Identification of Human cytomegalovirus 

 German pathologist Hugo Ribbert first observed inclusion-bearing kidney cells in 

a stillborn in 1881 [Monto Ho, 2008]. In 1921, Goodpasture and Talbert were the first to 

suggest that the 'cytomegalia' disease could be caused by a viral agent [Harris D Riley JR., 

1997]. In 1956, Smith and Rowe, and independently in 1957, Thomas Weller and his 

colleagues, isolated the virus causing the disease. In 1960, Thomas Weller named the virus 

'Cytomegalovirus (CMV)' due to the characteristic enlargement in the size of infected cells 

[Alfred Grafe, 1991]. The modern history of cytomegalovirus began with the examination 

of stillborns and the shedding of the viral agent from infants with generalized diseases 

[Stern, 1965]. 

 Based on post-mortem studies, two forms of cytomegalic inclusion disease have 

been observed: disseminated and localized. Disseminated disease is generally severe, 

where multiple organs are infected, and it often leads to birth defects in congenital CMV 

infection when the virus infects the fetus in-utero [Stern, 1965]. 

 

1.2 Characterization of CMV-associated disease 

 Characterization of human cytomegalovirus (HCMV) and its associated disease 

revealed crucial information that led to the addition of HCMV to the family of 

herpesviruses by the International Committee on Taxonomy of Viruses in 1971 [Wildy, 

1971]. The characteristics of HCMV, including a spherical virion with a double-stranded 

linear DNA genome, an icosahedral capsid, a tegument, and a double-layered envelope, 

were primary criteria for its inclusion in the family Herpesviridae. Although the general 

morphology of viruses in Herpesviridae is consistent with these features, variations in 

overall size, replication cycle speed, host range, and latency establishment categorize 

herpesviruses into alpha, beta, and gamma subfamilies. CMV belongs to the 

Betaherpesvirinae subfamily [Davison, 2007]. 

 HCMV has approximately 230 kilobases of linear double-stranded DNA—one of 

the largest genomes among known human-infecting viruses, about 50% larger than that 

of Herpes simplex virus-1 that causes cold sores. This genome is densely packed inside a 

capsid core, surrounded by a tegument containing proteins, intracellular fluid, RNA, and 

other biomolecules, all enveloped by a double-layered membrane with embedded 

glycoproteins forming the mature virion [Vescovini et al., 2016; Marti-Carreras & Piet 

Maes, 2019]. 

 Until 1960s, HCMV was studied extensively in congenital and post-natal 

pathological contexts. However, research focus shifted towards the 'opportunism' of CMV 

infection—defined as an infection with limited or no pathogenicity under ordinary 

circumstances but causing serious disease due to the predisposing effects of another 

condition, disease, or its treatment [Symmers, 1965]—following the first successful renal 

transplant by Hume et al. in 1952, which highlighted the need for immunosuppressants to 

prevent organ rejection [Hume et al., 1952]. The successful use of the immunosuppressant 

Azathioprine in 1963 led to the observation of HCMV disease in patients administered 

with immunosuppressants [Oka and Yoshimura, 1996; Hong and Kahan, 2001]. 

 Studies in the 1970s documented the seroconversion of 10 out of 12 seronegative 

kidney transplant recipients—who received organs from seropositive donors within 90 
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days post-transplantation [Ho et al., 1975]. This significant observation spurred further 

research into the establishment of latency and reactivation of HCMV under certain 

predisposing conditions, with seropositivity being an indicator of latent HCMV infection 

[Van Son and The, 1989; Stratta et al., 1992; Monto Ho, 2008; Crawford et al., 2022]. 

 HCMV research remains active and extensive, with a growing number of scientists 

joining the community to understand the virus's life cycle and disease pathology and 

significant advancements have been made, including the understanding that HCMV 

establishes latency in myeloid lineage cells—specifically CD33+, CD34+ bone marrow 

cells, and peripheral blood mononuclear cells, including primary CD14+ monocytes 

[Marti-Carreras and Maes, 2019]. Reactivation is as common as reinfection, and 

immunocompromised patients, pregnant women, newborns, and the elderly are at high 

risk of severe consequences from HCMV infection or reactivation [Bale et al., 1996; Boeckh 

and Geballe, 2011]. 

 

1.3 Transmission and disease burden of CMV infection 

 Human cytomegalovirus (HCMV) transmission occurs via contact with body fluids 

such as saliva, tears, urine, genital secretions, nasal secretions, or breast milk. The primary 

sites of HCMV infection are typically epithelial cells at the entry site, followed by virus 

spread to various organs and cell types [Dupont and Reeves, 2016]. HCMV infects a wide 

variety of cells but establishes latency only in a selected subset of cell types [Marti-

Carreras and Maes, 2019]. The selectivity of host cell types for HCMV latency is a 

characteristic of the virus. The triggers for HCMV reactivation are not well understood, 

but reactivation is observed in conditions such as pregnancy, natural or induced 

immunosuppression, certain viral diseases like AIDS, and in patients with Hodgkin's 

disease, malignant, non-Hodgkin's lymphoma and in critical care [De Carmo et al., 2017; 

Mehravaran et al., 2017]. 

 Epidemiological studies estimate HCMV seroprevalence in diverse populations 

worldwide to be between 39% and 90%, with Europe having the lowest and the Middle 

East having the highest reported prevalence [Zuhair et al., 2019]. According to a 

longitudinal analysis in a German university hospital by Hoehl et al., the overall CMV 

seroprevalence in Germany stands at 56.48% based on data from 2009 to 2018. This 

represents a decline from 63.7% between 1988 and 1997 to 57.25% between 1998 and 

2008. In the same study, CMV seroprevalence in patients with HIV was 92.93%, in 

oncology patients 60.64%, and in women of childbearing age 51.7% [Hoehl et al., 2020]. 

The same study also highlighted age and country of birth as the strongest risk factors for 

seropositivity [Hoehl et al., 2020]. This observation has been reported in multiple studies, 

with seropositivity being relatively lower in developed countries compared to developing 

and underdeveloped countries [Cannon et al., 2010; Lachmann et al., 2018]. 

 The highest disease burden of all is estimated to be due to congenital CMV 

infection [Griffiths, 2012]. Congenital CMV infection occurs through vertical, intrauterine 

transmission of the virus from mother to fetus. The rate of infection in women of 

childbearing age is between 0.5% and 4.0% [Buxmann et al., 2017], and the clinically 

relevant congenital infection rate is between 0.008% and 0.04% in Germany [Rutten and 

Rissmann et al., 2017]. While congenital CMV infection is prenatal and severe if primary 

infection or reactivation occurs in the first trimester of pregnancy, CMV infection of 

neonates due to breastfeeding or contact with infected maternal secretions during 

delivery (perinatal) can also lead to long-term morbidities. In Germany, according to a 
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study by De Lepper and Stephan et al. in 2023, long-term sequelae of congenital and 

neonatal CMV infection include intrauterine growth retardation (42.6%), sensorineural 

hearing loss (SNHL) (38.9%), and motor development disorders (33.3%). Additionally, 

newborns also suffered from visual impairment due to retinitis [De Lepper and Stephan 

et al., 2023]. The rate of SNHL is similar for congenital and neonatal infection, but the 

severity is higher for congenital CMV infection [Hoehl et al., 2020]. According to a recent 

report by Stephan and De Lepper et al. in 2023, the mean annual healthcare costs per 

newborn between two cohorts of congenital CMV-infected newborns are €22,737 and 

€34,498 for the first year after birth [Stephan and De Lepper et al., 2023]. 

 Other high-risk groups include patients with predisposed conditions and diseases, 

and solid organ transplantation recipients whose immune systems are suppressed to 

prevent graft rejection. In these conditions, infection or reactivation may cause 

pneumonitis, retinitis, and end-organ diseases including hepatitis and gastrointestinal 

ulceration as direct effects. Atherosclerosis, systemic inflammation, T-cell stimulation, and 

monocyte activation are indirect effects [Griffiths and Reeves, 2021]. Despite the severity 

in susceptible risk groups, CMV infection is generally asymptomatic in healthy individuals 

and may cause mild flu-like symptoms in about 5% to 20% of cases [Buxmann et al., 2017]. 

 

1.4 Existing options for intervention 

 Human cytomegalovirus (HCMV) infection can lead to significant disease 

progression and severe illness. Currently, there is no vaccine approved against HCMV that 

the interventions are generally using antivirals and immunoglobulins. Management 

strategies in transplantation settings include: 

1. Prophylaxis: HCMV antiviral drugs are administered to transplant recipients who 

are at risk of HCMV infection [Yadav et al., 2022].  

2. Pre-emptive Therapy: Transplant recipients are administered HCMV antivirals 

when active viral replication is detected, regardless of clinical signs and 

symptoms. One way of detection of active viral replication is by pp65 antigen tests 

[Razonable et al., 2003, Hasegawa et al., 2015]. 

3. Therapy or Treatment: Transplant recipients who developed HCMV disease are 

given HCMV antivirals [Yadav et al., 2022]. 

 Currently, strategies to prevent HCMV infection in seronegative organ transplant 

recipients include standard medical precautionary testing, hygiene practices, and testing 

for HCMV IgG antibodies in donors and recipients. The presence of IgG antibodies does 

not preclude transplantation but helps initiate appropriate therapy regimes for the 

recipient [Ljungman et al., 2017; Ljungman et al., 2019; Stycynski, 2020]. 

 Antivirals Ganciclovir, foscarnet, fomivirsen, valganciclovir, 

valaciclovir/valacyclovir, cidofovir, letermovir (only prophylaxis), and maribavir are 

approved either for treatment and prevention or only for prevention (prophylaxis) in 

pediatric patients above 12 years and adults by the European Medicines Agency (EMA) 

until now. However, fomivirsen was withdrawn from the market due to low demand. The 

United States Food and Drug Administration approved all these drugs for treating HCMV 

infection, except valacyclovir [Newman and Cragg, 2012; Griffiths and Reeves, 2021]. 

 The effectiveness of each antiviral varies across different risk groups and 

treatment regimes. For example, letermovir is effective as prophylaxis in hematopoietic 

stem cell transplantation (HSCT) but is ineffective for pre-emptive therapy and general 
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treatment in all risk groups [Tan and Palen et al., 2024]. Maribavir is approved for treating 

pediatric and adult patients with HCMV infection refractory to ganciclovir, valganciclovir, 

cidofovir, or foscarnet [Connie Kang, 2022; Styczynski, 2020; Buxmann et al., 2017]. 

 Additionally, Hyperimmune immunoglobulin from Biotest AG, marketed as 

'Cytotect CP,' was approved for prophylactic therapy in hematopoietic stem cell or solid 

organ transplant recipients under immunosuppressants by EMA. These immunoglobulins 

are isolated from HCMV-positive patients and are specific to HCMV, providing passive, 

prophylactic immunity to recipients [Panesso et al., 2023; Karafin et al., 2018]. 

 Though none of the currently available therapeutic options are approved for 

treating congenital CMV infection or CMV infection in newborns or pregnant women by 

the FDA or EMA, antivirals are used off-label for these cases. Valacyclovir has shown 

effectiveness in preventing intrauterine transmission of HCMV from mother to fetus 

[Shahar-Nissan, 2020]. The standard care for congenital CMV infection and antenatally 

acquired CMV infection in newborns involves using ganciclovir within 28 days after birth, 

followed by valganciclovir for at least six months, which may extend beyond two years 

depending on disease severity in the newborn [Gyu Hong Shim, 2023]. 

 

1.5 Need for discovery of novel antivirals 

 One of the primary reasons antivirals are not approved to treat HCMV infections 

in newborns and pregnant women is their toxicity [Pontes et al., 2024]. However, 

letermovir and maribavir are exceptions and are yet to be studied extensively in these risk 

groups. Ganciclovir and valganciclovir share similar side effects, as valganciclovir is the 

prodrug of ganciclovir. Common side effects include leukopenia, spermatotoxicity, and 

abnormal retinal function with long-term administration, and there is a clear relationship 

between dosage and toxicity [Hu et al., 2021; Jensen et al., 2021; Lee et al., 2021]. 

Additionally, ganciclovir and valganciclovir are shown to possess teratogenic 

characteristics. Cidofovir and foscarnet commonly cause nephrotoxicity, and cidofovir can 

also cause uveitis, leading to photophobia and blurred vision [Perruccio et al., 2021; Testi 

et al., 2020; Domingo et al., 2021; Ota and Hirata, 2021]. Information on the long-term 

effects of letermovir and maribavir is scarce, but they are considered relatively safer 

compared to other antivirals. 

 In addition to toxicity, existing antivirals can lead to resistance in HCMV strains 

with long-term administration. Valganciclovir (the prodrug of ganciclovir) was developed 

to address the low bioavailability of ganciclovir, with valganciclovir converting to 

ganciclovir during first-pass metabolism in the liver. Upon entry into host cells, ganciclovir 

is monophosphorylated by pUL97 (a viral cyclin-dependent kinase ortholog), while 

cidofovir, already monophosphorylated, skips phosphorylation by the viral kinase, and 

foscarnet, a pyrophosphate analogue, is not phosphorylated. Two additional phosphate 

groups are added to ganciclovir and cidofovir by cellular kinases. Both ganciclovir (a 

guanosine analogue) and cidofovir (a cytosine analogue) bind to the dNTPs binding site 

of viral DNA polymerase (pUL54), causing premature termination of DNA synthesis and 

reducing the rate of polymerization. While ganciclovir, valganciclovir, and cidofovir are 

nucleotide analogues, foscarnet targets the pyrophosphate binding site of the same viral 

DNA polymerase (pUL54). Letermovir targets pUL56 in the terminase complex, and 

maribavir targets the viral kinase (pUL97) [Marschall et al., 2024; Bottino et al., 2023; 

Gourin et al., 2023; Wild et al., 2023]. 
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 Drug resistance is suspected when the plasma viral load remains consistently high 

for several weeks after administering an appropriate dose of antivirals. Resistance usually 

results from single or multiple mutations in target proteins that affect antiviral binding. 

Sometimes, mutations rendering antivirals ineffective are associated with severe HCMV 

disease. Reports on letermovir resistance have recently emerged, while resistance due to 

mutations in viral DNA polymerase (pUL54) and viral kinase (pUL97) is relatively well-

studied. Most remaining antivirals target either of these proteins [Limaye et al., 2000; 

Eckle et al., 2002; Lurain and Chou, 2010]. Since foscarnet and cidofovir do not require 

the activation step needed for ganciclovir, they are generally used as second-line antiviral 

agents when HCMV infection is refractory in patients treated with ganciclovir or 

valganciclovir. Moreover, because cidofovir and foscarnet do not interact with pUL97, 

mutations in pUL97 do not affect these antivirals' activity. However, mutations in pUL54 

can render one or more of the nucleoside and pyrophosphate analogues ineffective, 

making letermovir and maribavir the drugs of choice [Chou et al., 2018; Perera et al., 

2021]. 

 The toxic and harmful side effects associated with ganciclovir, valganciclovir, 

foscarnet, and cidofovir, along with the restricted efficacy of letermovir and maribavir and 

the emergence of antiviral resistance in HCMV strains, highlight the urgent need for new 

antivirals. These new antivirals should be broadly effective, safer, and target novel viral 

proteins to mitigate the likelihood of resistance. 

 

1.6 Drug discovery methodologies 

 The modern drug discovery and development process, which has evolved 

significantly since the revolution of molecular biology sciences in the 1980s, focuses on 

molecular medicine to identify and develop treatments for previously untreated medical 

conditions. Molecular medicine is defined as “a branch of medicine that develops ways to 

diagnose and treat disease by understanding the way genes, proteins, and other cellular 

molecules work. It is based on research that shows how certain genes, molecules, and 

cellular functions may become abnormal in diseases such as cancer” [Henry, 2019; 

Swinney, 2013]. 

 This approach has shown success in the drug development process to a varied 

extent, although it has faced challenges. Traditionally, phenotype-based drug screening 

was the standard method-of-choice, where drugs were tested and evaluated against the 

phenotype of biological systems such as cells or animals. However, deconvoluting the 

specific target and describing the Molecular Mechanism of Action (MMOA) was a 

significant challenge. As a result, many approved drugs do not have a reported target 

protein but rather a likely disease pathogenesis pathway. Additionally, phenotype-based 

drug discovery is costly and time-intensive, with lead optimization based on a blind 

structure-activity relationship. 

 These challenges, coupled with the need to improve the success rate of the 

discovery process, motivated a shift towards target-based drug discovery. In this 

approach, the target involved in disease pathogenesis is identified and validated 

scientifically. Assays are then developed to screen molecules against the target to find hits 

and leads. However, lead optimization in this methodology faced similar challenges to 

phenotype-based drug discovery. 

 Measurable registrations of new molecules obtained through the target-based 

method encouraged scientists to focus on further development, leading to the structure-
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based drug discovery methodology. This shift does not disregard testing drug molecules 

on phenotypic assays in cells or animals but rather promotes a more rational approach. 

This is supported by the analysis of Swinney and Anthony (2011), which showed that 37% 

of first-in-class drugs were identified through phenotypic screening compared to 23% 

from target-based screening between 1999 and 2008. Conversely, 51% of follower drugs 

were from target-based screening compared to 18% from phenotypic screening. This 

finding revives the relevance of phenotypic-based methodologies. 

 While the target-based approach shares the challenge of lead optimization, it also 

faces complexity in describing MMOA due to functional selectivity or cross-reactivity. 

Structure-based drug discovery, a subset of target-based drug discovery, attempts to 

address issues in lead optimization, reducing costs and the overall timeline of the drug 

discovery process. Modern technological advancements have improved the drug-to-clinic 

(discovery & pre-clinical research) timeline to as low as 15 months, according to a 

McKinsey report [Ondetti et al., 1977; Urban et al., 2006; Swinney, 2013; Moffat et al., 

2017; Vincent et al., 2022]. 

 

1.7 Structure-based drug discovery as a strategy 

 Structure-based drug discovery began in the 1970s when the development of the 

first human angiotensin-converting enzyme (ACE) inhibitor utilized protein 

crystallography. This research led to the creation of the first-in-class ACE inhibitor, 

'Captopril,' which was approved in 1981 (Rondeau and Schreuder, 2015). 

 The modern target-based drug discovery process involves several stages, 

including target identification and validation, hit identification, lead optimization, 

preclinical development, and clinical trials. These steps ultimately lead to obtaining 

market approval to launch the product [Chang et al., 2022]. Target identification is crucial 

for the success of the discovery process. Knowing the precise target to treat a disease 

allows for screening drug molecules to optimize treatment, improve selectivity, and 

reduce potential side effects. Ineffectiveness in modulating the disease and higher toxicity 

in the pharmacological profile are two major reasons for a drug to fail in clinical studies. 

Target identification significantly contributes to a drug's effectiveness. The term "target" 

broadly describes various biomolecule types, including enzymes, receptors, ion channels, 

transcription factors, and nucleic acids, where the drug binds in vivo to exert its action 

[Moumne et al., 2022]. A druggable target is accessible to the drug molecule and, upon 

binding, elicits a measurable and statistically significant biological response. 

 Target identification is a complex process requiring extensive omics and 

biomedical data mining. Once potential targets are identified, they must be validated. 

Target validation involves various in vitro biochemical, cell culture, and in vivo animal 

model experiments to evaluate changes in disease phenotype when the target function is 

diminished. A good target will show positive disease outcomes when inhibited or knocked 

out. Sometimes, target validation and hit identification steps are performed together, 

depending on the availability of information and resources [Chen and Du, 2007; Hughes 

et al., 2010; Tabana et al., 2023]. 

 Hit identification is the process of screening drug molecules that can potentially 

modulate the target of interest. This process can be performed in various ways, each with 

its limitations and advantages. The choice of screening methodology depends on the 

availability of information on the target, resources, feasibility of assay development, 

associated costs, and the precision and accuracy of the screening data required to proceed 
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to further steps of drug discovery [Hughes et al., 2010]. Some hit identification 

methodologies are described below: 

• Physical screening: 

o Physical screening involves screening of a library of drug molecules 

against target of interest through high-throughput in-vitro biochemical or 

biophysical assays or cell culture based phenotypic screening assays to 

identify initial hits.  

o Physical screening techniques are generally time consuming and requires 

the physical availability of a library of compounds that can be expensive.  

• Virtual (in-silico) screening: 

o This involves using computational algorithms to screen for drug molecules 

that would bind to the target protein to identify initial hits. Virtual 

screening is followed by physical screening to validate the 

computationally identified hits. Virtual screening acts as a pre-screening 

step to reduce the number of drug molecules to test in physical screening.  

 Once potential hits are identified, choosing and optimizing the lead involves 

target-drug structural characterization to model the Structure Activity Relationship 

(SAR). This process includes modifying the structure and physicochemical properties of 

the drug molecule to improve binding potency and target modulation. This sub-domain is 

termed Computer-Aided Drug Design (CADD). Lead identification and optimization are 

beyond the scope of this thesis. One part of this thesis focuses on mining available 

literature for target identification and validation and performing virtual screening to 

identify hits and leads to target desired and novel biomolecules to treat HCMV infection, 

addressing the limitations of existing approved antivirals. 

 Currently, existing HCMV antivirals target pUL54 (Viral DNA polymerase), pUL97 

(Viral Kinase), and pUL56 (Terminase subunit). 

 

1.8 HCMV life cycle 

 Understanding the lifecycle and pathogenesis of HCMV is one of the conventional 

ways to hypothesize potential drug targets. The HCMV lifecycle begins with entry into the 

host cell, followed by genome replication, capsid assembly, virion maturation, and egress. 

 

1.8.1 Entry into host cell and nuclear transport of genome 

 HCMV primarily uses two routes for entry into host cells: endocytosis and fusion 

with the host cell membrane. This process is facilitated by various viral glycoproteins 

present on the surface of the mature virion. Some notable viral glycoprotein complexes 

include the gB (pUL55) homotrimer, gH/gL/gO (pUL75/pUL115/pUL74) heterotrimer, 

gH/gL/pUL128/pUL130/pUL131 heteropentamer, gM/gN (pUL100/pUL73) 

heterodimer, and the recently characterized gH/pUL116 heterodimer complexes (Calo et 

al., 2016; Nguyen and Kamil, 2018; Rustandi et al., 2021; Wang and Shenk, 2005). While 

the precise molecular mechanisms of these entry modes are not fully understood, certain 

receptors such as platelet-derived growth factor receptor α (PDGFR α), transforming 

growth factor β receptor type III (TGF βRIII), and neuregulin-2 (NRG-2) are known to 

interact with the gH/gL/gO trimer complex. Additionally, the gM/gN dimer and gB trimer 

complexes play a role in the entry process [Wu et al., 2017; Nguyen and Kamil, 2018; 

Foglierini et al., 2019; Ye et al., 2020; Kschonsak et al., 2021]. The functional significance 
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of the gH/pUL116 complex is yet to be studied. The abundance of each glycoprotein 

complex on the surface of the virion varies among different strains of the virus and is 

suspected to modulate viral tropism towards different host cell types [Wang et al., 2007]. 

 Upon entering the host cell cytoplasm, the viral capsid sheds its envelope and 

associates with microtubules through capsid-associated tegument proteins for transport 

to the nuclear pore complex, facilitating nuclear import of the genome. The tegument 

layer, located between the outer lipid envelope and the capsid, appears amorphous or 

unstructured under electron microscopy and contains proteins and other biomolecules 

[Chen et al., 1999; Ogawa-Goto et al., 2003; Kalejta, 2008]. Upon entry, some tegument 

proteins detach from the capsid and diffuse through the cytoplasm, termed outer 

tegument proteins, while those that remain attached to the capsid are called inner 

tegument proteins or capsid-associated tegument proteins. These terms were initially 

based on the presence of tegument proteins associated with purified virions [Baldick and 

Shenk, 1996; Mettenleiter et al., 2009; Radtke et al., 2010; Yang et al., 2022]. Major 

tegument proteins, such as pp71 (pUL82), pp150 (pUL32), pp65 (pUL83), and pp28 

(pUL99), are phosphorylated. Phosphoproteins pp150, pUL47, and pUL48 are found 

associated with the capsid, while pp71 and pp65 translocate freely to the nucleus 

independently of capsids [Tomtishen, 2012]. Capsid docking over the nuclear pore 

complex is an important step in nuclear import of genome and the mechanism remains 

unclear.  

 

1.8.2 Replication of genome 

 The tegument protein pp71 is suggested to control the expression of Immediate 

Early (IE) genes, which are crucial for the initiation of genome replication. At this stage, 

the virus might enter a latent state if there is an unfavorable and quick immune response. 

In contrast, during the lytic replication cycle, the immediate early proteins IE1 and IE2 

facilitate the expression of early genes, thereby initiating genome replication. 

 Liquid-liquid phase separation (LLPS) mediated by viral proteins, including 

pUL112 and pUL113, form replication compartments (RC) and the genome replication 

occurs in the nucleus [Caragliano et al., 2022]. The temporal regulation of gene expression 

has resulted in classification of individual genes as Immediate Early (IE), Delayed Early 

(DE), and Late (L) genes. As discussed earlier, nuclear import initiates IE gene expression. 

IE genes strengthen the immune evasion responses of host cells and act as transcription 

factors for the expression of DE genes [Shenk and Alwine, 2014]. IE gene products, along 

with de novo proteins from the HCMV virion, target proteins responsible for host cell cycle 

regulation, such as cyclin A and E, APC/C ubiquitin ligase, Rb-E2F transcription factors, 

and hydrolase SAMHD1, to arrest the host cell cycle at the transitionary phase between 

the G1 and S phases of the cell cycle [Dittmer and Mocarski, 1997; Wiebusch and 

Hagemeier, 2001; Bogdanow et al., 2021; Turner and Mathias, 2022]. 

 The DNA replication complex mainly consists of proteins from DE genes, including 

six core proteins: pUL70 (primase), pUL105 (helicase), pUL54 (DNA polymerase), pUL57 

(single-stranded DNA-binding protein), pUL44 (DNA polymerase processivity factor), and 

pUL102 (primase-associated factor) [Manska and Rossetto, 2022]. 

 Preliminary data from a co-immunoprecipitation experiment conducted by Strang 

et al. in 2009 identified interaction partners of pUL44 from HCMV-infected human 

foreskin fibroblast (HFF) cells using anti-pUL44 monoclonal antibody (MAb) [Strang et 

al., 2009]. They identified a new interacting partner, pUL84, co-eluting with pUL44. This 
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result, in addition to previous studies, confirms that the replication complex is recruited 

to the origin of lytic replication (oriLyt) using replication initiator proteins IE2 and pUL84 

for genome replication [Xu et al., 2004; Strang et al., 2009]. The study also found pUL98 

co-immunoprecipitating with pUL44, suggesting a functional role of pUL98 in viral 

replication [Strang et al., 2009]. The UL98 gene shares significant sequence homology to 

alkaline exonucleases from other herpesviruses, that pUL98 is suspected to be an alkaline 

exonuclease [Chee et al., 1990; Sheaffer et al., 1997]. 

 Herpesvirus alkaline nucleases have the highest enzymatic activity at pH levels 

higher than 8.0 in in-vitro experiments, with 5'-3' exonuclease activity on both single and 

double-stranded DNA [Sheaffer et al., 1997]. However, the pUL98 ortholog in Kaposi’s 

sarcoma-associated herpesvirus (KSHV), a shutoff exonuclease (SOX), is shown to 

endonucleolytically catalyze RNA in addition to DNA [Lee et al., 2017; Pardamean and Wu, 

2021]. The function of an alkaline nuclease in the HCMV life cycle is unclear. In Herpes 

Simplex Virus -1 (HSV-1), the alkaline nuclease processes DNA intermediates of the 

replicated DNA before being packed into capsids [Martinez et al., 1996], while in KSHV, 

SOX facilitates host protein expression shut-off to support the viral life cycle [Hartenian et 

al., 2023]. 

 Replacing HCMV alkaline nuclease with HSV-1 alkaline nuclease and recovering 

the HSV-1 lifecycle from the defect caused by the absence of HSV-1 alkaline nuclease 

reveals functional conservation [Gao et al., 1998]. The deletion of pUL98 in HCMV is 

shown to be lethal, suggesting pUL98 is essential for HCMV replication [Weller et al., 1990; 

Martinez et al., 1996; Yu et al., 2003; Kuchta et al., 2012]. Along with exonuclease activity, 

HCMV alkaline nuclease also possesses endonuclease activity with a limited catalytic rate 

[Sheaffer et al., 1997].  

 Modelling of the pUL98 structure along with mutational enzymatic assays suggest 

residues D254, E278 and K280 to be critical for exonuclease and endonuclease activity 

and residues R164 and S252 are proposed to bind 5’ phosphate group of DNA [Kutcha et 

al., 2012]. 48% of predicted type II restriction endonucleases posses PD-(D/E)XK fold, and 

belong to DEK superfamily [Orlowski and Bujnicki, 2008]. Residues: D254, E278, and 

K280 from the structural model of pUL98, and the presence of endonuclease activity 

suggests pUL98 might possess similar structural fold as DEK superfamily of 

endonucleases where aspartic acid (D), glutamic acid (E) and lysine (K) exist 

predominatly in the active site [Ban and Yang, 1998]. It is notable that members of DEK 

superfamily functions as recombinases, integrases, in addition to endo and exo nucleases 

[Orlowski and Bujnicki, 2008; Wei Yang, 2011]. The precise function of pUL98 in HCMV 

lifecycle is still unclear. However, its effect, studied through deletion studies, on viral 

replication, suggests pUL98 to be a potential antiviral target in HCMV.  

 Over the past 30 years since early 1990s, the discovery and development of 

antivirals targeting pUL98 have been pursued using target-based drug discovery 

methodologies [Barnard et al., 1995]. Initial hits identified through in-vitro studies 

include emodin, atanyl blue-PRL, and thioxothiazolo[3,4-a]quinazoline derivatives [Alam 

et al., 2015; Zhang et al., 2023]. However, inhibitors such as emodin and the quinazoline 

derivative (AD-51) exhibit significant cytotoxicity, whereas atanyl blue-PRL, despite 

having a relatively lower efficacy (EC50 of approximately 6.4 μM compared to EC50 of 4.9 

μM for emodin and 1 μM for AD-51) [Alam et al., 2015; Hsiang and Ho, 2008; Zhang et al., 

2023], still poses challenges in balancing efficacy and toxicity. 

 DNA replication is followed by capsid assembly and genome packing. 



 

18 
 

 

1.8.3 Capsid assembly and genome encapsidation 

 While DNA replication is in progress, the proteins required for capsid assembly 

are transcribed, translated, and localized to the nuclear compartment, where they 

assemble into the capsid [Muller et al., 2021]. The HCMV capsid is icosahedral in shape, 

with 20 sides and 12 vertices [Yu et al., 2017; Li et al., 2021]. Capsids are primarily formed 

by the major capsid protein (MCP: pUL86), the triplex dimer (Tri2A – Tri2B), triplex 

monomer (Tri1), and the small capsid protein (SCP: pUL48.5) [Yu et al., 2017; Li et al., 

2021]. The capsids consist of 11 pentons and 150 hexons formed by MCP protomers [Yu 

et al., 2017]. One of the twelve vertices of the capsid has a dodecameric portal main body 

formed by pUL104 through which genome passes for packaging into capsid [Li et al., 

2021]. Capsid assembly requires scaffold proteins (pUL80 and pUL80.5) in addition to 

structural proteins. The interaction between scaffold proteins and structural proteins is 

critical for procapsid formation in the nucleus. However, mature capsids do not contain 

scaffold proteins, suggesting their release after capsid maturation [Muller et al., 2021]. 

HCMV capsids can be categorized as ‘A’, ‘B’, and ‘C’ capsids, representing procapsids that 

are empty (‘A’), capsids that are mature but lack scaffold protein and DNA (‘B’), and capsids 

containing DNA (‘C’), respectively [Liu et al., 2021; Li et al., 2021; Borst et al., 2022]. ‘C’ 

capsids are present in mature infectious particles [Turner and Mathias, 2022]. 

 The HCMV capsid portal consists of a main body, portal cap, turret (located 

between the main body and portal cap), and a 10-helix anchor that enhances the stability 

of the capsid portal structure [Li et al., 2021]. Capsid vertex-specific components (CVSCs) 

associate with the pentons of the capsid and the phosphoprotein pp150, which is 

associated with both pentons and hexons [Li et al., 2021]. This association increases the 

pressure towards the core of the capsid to withstand the high pressure created by packing 

the large genome inside the capsid [Yu et al., 2017; Li et al., 2021]. CVSCs include pUL77, 

pUL48, and pUL93. pUL77 placed around the portal vertex constitutes the portal cap that 

seals the portal after DNA is packed into the capsid, as shown by cryo-electron microscopy 

structures [Li et al., 2021; Jih et al., 2024].  Interaction with the phosphoprotein pp150 is 

suggested to stabilize the capsids during maturation, nuclear egress through secondary 

envelopment, and final maturation of the infectious virion [Tandon and Mocarski, 2008]. 

 DNA replication produces head-to-tail concatemers of the replicated genome, 

which are processed before being packaged into capsids by the terminase complex. The 

terminase complex consists of pUL51, which recruits pUL56 and pUL89 to the replication 

compartment, with pUL56 as the large terminase subunit and pUL89 as the small ATPase 

subunit. Each component of the holo-terminase complex has different functions and 

cofactors. DNA packaging occurs in multiple steps. The holo-terminase complex, upon 

localizing in the nucleus, binds pac motifs (cis-acting packaging signal motifs) on the 

concatemeric genome and performs the first cleavage of the DNA. The entire complex, 

along with the DNA, is recruited to the portal vertex of the procapsid. The ATPase activity 

of the terminase complex facilitates the translocation of unit-length DNA into the 

procapsid using ATP as a cofactor. Once the unit-length DNA is packaged into the 

procapsid, the terminase complex cleaves the remaining DNA and detaches from the 

capsid portal vertex. Knockdown or deletion of any of the three components of the 

terminase complex severely impairs DNA packaging, specifically inhibiting pUL51 

prevents the subcellular localization of pUL56 and pUL89 [Borst et al., 2013; Neuber et 

al., 2017; Ligat et al., 2018]. All three components of the terminase complex are potential 
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antiviral targets, with ‘Letermovir’ being an approved antiviral that inhibits HCMV viral 

replication by interfering with viral terminal kinase (also termed terminase) subunit 

pUL56 [Goldner et al., 2011; Bosworth et al., 2020]. pUL56 has been shown to interact 

with pac motifs within the ‘a’ sequence of the DNA and mediate the interaction between 

the DNA-terminase complex and the capsid portal protein pUL104 [Bogner et al., 1998; 

Dittmer and Bogner, 2005; Wang and McVoy, 2011]. 

 Proteins pUL77 and pUL93 from CVSC are expressed as late proteins, localize to 

the nucleus and are shown to interact with each other [Borst et al., 2016; DeRussy et al., 

2016]. pUL77 is also suspected to interact with the terminase complex and DNA [Meissner 

et al., 2011; Borst et al., 2016; Ligat et al., 2018]. Deletion of either of pUL77 or pUL93 

does not have an effect on capsid assembly but leads to production of only ‘B’ capsids 

without DNA and is shown to be essential for viral replication in human fibroblast cells 

[Yu et al., 2003; Dunn et al., 2003; Borst et al., 2016; Borst et al., 2022]. The significance of 

interaction of pUL77 with pUL93 is not yet well studied. While it was shown by Meissner 

et al., in 2011 that N-terminal coiled-coil motif (CCM) of pUL77 is essential for its 

oligomerization and DNA binding properties, it is postulated that the pentamerization of 

pUL77 is crucial for stabilization of DNA packed capsids based on a study in KSHV with 

the orthologue protein pORF19 [Meissner et al., 2011; Naniima et al., 2021]. These 

findings that pUL77 is important for viral replication and that pentamerization might be 

one of the steps in the functioning of pUL77 leads to the hypothesis that inhibiting 

pentamerization of pUL77 would be a potential targeting strategy for development of 

novel antivirals against HCMV.  

 While pUL77 was described to be portal cap that presumably seals the portal, 

function of pUL93 is not well characterized. However, one study by DeRussy and 

colleagues [DeRussy et al., 2016], shows pUL93 interaccts with components of nuclear 

egress complex (NEC): pUL59, pUL53 and pUL97 [DeRussy et al., 2016]. 

  This complex orchestrates a process termed ‘nuclear egress’ where the matured 

capsid egresses from the nucleus and consists of the primary envelopment and de-

envelopment of capsids during crossing the nuclear membrane [Sonntag et al., 2016]. The 

nuclear egress complex (NEC) is composed of core proteins pUL50 and pUL53 [Milbradt 

et al., 2012; Sonntag et al., 2016]. The NEC forms a complex with pUL97 (viral cyclin-

dependent kinase) via cellular proteins, including p32/gC1Qr, emerin, protein kinase C 

(PKC), and additional proteins [Sharma et al., 2016]. pUL97 phosphorylates nuclear lamin 

proteins to facilitate the redistribution of the nuclear lamina to allow for the initiation of 

nuclear egress [Marschall et al., 2005]. It was also shown that pUL97 phosphorylates the 

NEC in addition to lamins [Sharma et al., 2014]. The currently proposed mechanism 

involves the recruitment of mature capsids to the sites of nuclear egress on the inner 

nuclear membrane, followed by NEC-induced membrane invagination/deformation, 

scission and budding of transitionary perinuclear membrane vesicles, and the release of 

naked capsids into the cytoplasm where the secondary envelopment takes place [Bigalke 

et al., 2014; Zeev-Ben-Mordehai et al., 2015; Hagen et al., 2015; Sanchez and Britt, 2021]. 

 

1.8.4 Secondary envelopment and maturation of virions 

 HCMV assembly occurs in two main steps: capsid formation and DNA 

encapsidation in nucleus, followed by final assembly in cytoplasm. After the capsids bud 

through the nuclear membrane and reaches cytoplasm, the final assembly takes place 

where the capsids acquire the entire tegument layer along with host cellular biomolecules 
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and a double-layered outer envelope containing viral glycoproteins and cellular proteins. 

This process, known as secondary envelopment, is orchestrated through the hijacking of 

the host cytoskeleton, endocytic, and exocytic machineries in a specially formed, 

juxtanuclear compartment termed the assembly complex/compartment (AC), also 

referred to as the viral assembly complex/compartment (vAC) in the cytoplasm [Das et 

al., 2007; Mettenleiter et al., 2009; Tandon and Mocarski, 2012]. 

 Infected cells produce not only mature infectious viral particles but also non-

infectious enveloped particles (NIEPs) and dense bodies (DBs), which mature in the 

assembly complex and egress along with infectious particles [Craighead et al., 1972]. 

However, the spatiotemporal regulation is unclear. NIEPs do not contain DNA and are 

suspected to carry B capsids, while dense bodies lack capsids and instead carry a dense 

aggregation of biomolecules, predominantly the phosphoprotein pp65 (pUL83) 

[Schmolke et al., 1995]. The functions of DBs and NIEPs are not well understood, but they 

do not cause or spread infection [Irmiere and Gibson, 1983; Chevillotte et al., 2009; 

Ahlqvist and Mocarski, 2011]. 

 The assembly compartment is formed by structural rearrangement of the 

endoplasmic reticulum, Golgi, and other membranous organelles, mediated by 

microtubules originating from the microtubule-organising center (MTOC) during the late 

stages of the viral replication cycle. This is observed as a characteristic cytoplasmic 

inclusion in HCMV-infected cells [Sanchez et al., 2000; Homman-Loudiyi et al., 2003; Das 

et al., 2007]. Secondary envelopment, the final stage of viral morphogenesis before egress 

from infected host cells, occurs in the assembly compartment and is itself a multi-step 

process [Alwine, 2012; Procter et al., 2018]. Steps in secondary envelopment include the 

acquisition of a partial tegument layer by the cytoplasmic capsid, wrapping the 

tegumented capsid with a double-layered glycoprotein-embedded membrane envelope, 

and the final scission of the membrane to produce mature virions [Schauflinger et al., 

2013; Read et al., 2019]. 

 It is proposed that the binding of tegument proteins to the capsid begins during 

capsid assembly and maturation in the nucleus, based on fluorescence microscopy 

localization studies and cell culture studies of knock-out/deletion of tegument proteins 

[AuCoin et al., 2006]. Some tegument proteins, including pp150, pUL26, and pUL48, 

localize to the nucleus and are functionally important [Hensel et al., 1995; Sampaio et al., 

2005; AuCoin et al., 2006; Munger et al., 2006; Tandon and Mocarski, 2008; Brock et al., 

2015]. Tegument protein pUL94, along with pp150 and pUL48, localizes to both the 

cytoplasm and nucleus and possesses bipartite nuclear localization signals (NLS1 and 

NLS2) and one nuclear egress signal (NES) [Liu et al., 2012]. However, the function of this 

nucleo-cytoplasmic shuttling is unclear. While it is reasonable to assume that 

tegumentation starts during capsid assembly or maturation in the nucleus, other studies 

have shown that tegument proteins (pUL32, pUL48, pUL94) and others (pUL71, pUL99, 

pUL103) are critical to secondary envelopment and localize to the vAC in the late stages 

of infection [Womack and Shenk, 2010; Smith et al., 2014; Dietz et al., 2018; Read et al., 

2019; Butt et al., 2024]. 

 The widely accepted model of HCMV assembly involves the coordination of host 

endoplasmic reticulum (ER), Golgi, trans-Golgi network (TGN), early and late endosomes 

from the endosomal pathway, and the viral proteins required for secondary envelopment 

and maturation of the infective virion. Localization of the Endosomal Sorting Complex 

Required for Transport (ESCRT) proteins to the vAC, along with the utilization of syntaxin-
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3 (SNARE protein) and the endosomal pathway for the translocation of key proteins, 

further strengthens the current model of viral assembly [Das et al., 2007; Tandon et al., 

2009; Das and Pellett, 2011; Cepeda and Fraile-Ramos, 2011; Flomm et al., 2022]. The vAC 

encloses parts of the endosomal pathway and the trans-Golgi network, contains markers 

of both pathways, and has been shown to facilitate the translocation of viral glycoproteins 

to the assembly site through interactions and commandeering of the host proteome and 

mechanisms [Crump et al., 2003; Krzyzaniak et al., 2009]. 

 Tegument proteins such as pUL94, pUL99, pUL71, and pUL103 play an important 

role in secondary envelopment. Deletion of pUL71 or pUL103 leads to the accumulation 

of partially enveloped capsids in the cytoplasm of the infected host cell [Schauflinger et 

al., 2011; Ahlqvist and Mocarski, 2011; Phillips and Bresnahan, 2012; Das et al., 2014]. 

pUL99 is a true late protein and the localization of pUL99 to the vAC is mediated by 

myristoylation of the glycine residue at position 2 and phosphorylation of the protein 

[Sanchez et al., 2000; Britt et al., 2004; Seo and Britt, 2006]. Myristoylation is the addition 

of a 14-carbon myristic acid group to the protein, catalyzed by N-myristoyltransferases 

[Wang et al., 2021]. Although phosphorylation of pUL99 is essential for trafficking to the 

vAC, hypo-phosphorylated pUL99 exists in extracellular viral particles [Jones and Lee, 

2004; Seo et al., 2020]. Deletion of pUL99 results in the accumulation of partially 

tegumented capsids in the cytoplasm [Silva et al., 2003]. It was also reported that pUL99 

is essential for production of infectious viral particles [Seo and Britt, 2006]. These findings 

suggest that pUL99 is essential for secondary envelopment. The presence of tegument in 

the accumulated capsids reiterates that pUL99 is a true late protein and membrane-

associated to be incorporated into the virion [Sanchez et al., 2000; Silva et al., 2003]. 

Mutation studies on pUL99 show that up to 60 amino acids in the amino terminal are 

sufficient for localization to the vAC and for secondary envelopment function [Jones and 

Lee, 2004; Seo and Britt, 2006; Phillips et al., 2012]. 

 Another tegument protein, pUL94, also expressed with true late kinetics, is also 

found to be essential and interacts with pUL99 [Phillips et al., 2012]. Deletion of pUL94 

exhibited aberrant localization of pUL99 in the cytoplasm, resulting in completely 

defective viral replication [Phillips et al., 2012]. It is also shown that pUL94 shuttles 

between nucleus and cytoplasm but the significance of this shuttling is not yet understood 

[Liu et al., 2012]. Mutational studies of pUL94 and pUL99 revealed that the amino terminal 

50 residues of pUL99 are essential to bind to pUL94 [Phillips et al., 2012]. The absence of 

interaction between pUL94 and pUL99 disrupts the localization of both proteins and also 

is detrimental to production of infectious virions [Phillips et al., 2012]. Combined with the 

defect in viral replication in the absence of either protein, this suggests that pUL94 

functions to direct pUL99 to the assembly complex to facilitate secondary envelopment 

[Phillips et al., 2012; Phillips and Bresnahan, 2012].  

 Mutational studies revealed that cysteines at position 250 and 252 of pUL94 are 

likely important for interaction with pUL99 [Phillips et al., 2012]. The N-terminal 50 

amino acid residues of pUL99 are sufficient to bind to pUL94 and for the secondary 

envelopment. These findings that both pUL94 and pUL99 are essential for secondary 

envelopment and production of mature virions and that the interaction between pUL94 

and pUL99 is a crucial facilitator for the localization and function of both the proteins, 

suggests, targeting the interaction between pUL94 and pUL99 would be a potential 

strategy for development of HCMV antivirals.   
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 Enveloped viral particles utilize the host exosome pathway to release viral 

particles into the bloodstream, either as individual releases or intermittent bulk releases 

utilizing multivesicular bodies [Turner et al., 2020; Flomm et al., 2022]. 

 

 

 

 

 

 

 

 

 

Figure 1.1: The typical lytic lifecycle of HCMV  

This figure illustrates the lytic lifecycle of the human cytomegalovirus (HCMV). The lifecycle 

begins with the virus entering the host cell and concludes with the release (egress) of mature 

infectious virions. Initially, the virus attaches and fuses with the host cell membrane, releasing 

its genetic material into the host cell. Following entry, the viral capsid releases the viral genome 

into the host cell cytoplasm, and the genome is then transported to the host cell nucleus. Within 

the nucleus, the viral DNA is replicated, and viral genes are transcribed and translated to 

produce viral proteins. Subsequently, new viral capsids are assembled in the host cell nucleus, 

and these capsids are packaged with viral DNA, maturing into infectious virions. Finally, the 

mature virions are released from the host cell to infect new cells, completing the lifecycle. 
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2. Aim of the thesis 

Several potential targets for HCMV antivirals have been described, primarily based on the 

effects of gene deletion on the phenotype of virus-infected cells in vitro. This thesis 

focuses on exploring the pUL94/pUL99 complex, pUL98 and pUL77 as targets for the 

development of antivirals against HCMV using structure-based drug discovery 

methodologies. The aim is to obtain an atomic structure employing x-ray crystallography 

and/or cryo-electron microscopy (cryo-EM), where it is not yet reported and 

subsequently identify hits and leads using computational screening of putative drug 

molecules against the target structures. The specific aims of the thesis are: 

• To establish a semi-automated virtual screening workflow to screen for protein-

protein interaction inhibitors against pUL77, with the goal of identifying hits and 

leads for the structure-based discovery of antivirals targeting HCMV.  

• To structurally characterize the pUL94/pUL99 complex and pUL98 from HCMV by 

employing additional crystallization-enhancing moieties and cryo-EM single-

particle analysis. 
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3. Methods 
 

3.1 AutoDock Tools 

 AutoDock Tools v1.5.7 was employed to prepare the protein for docking in 

AutoDock Vina (version 1.2). The protein structure, obtained in PDB format from the 

Protein Data Bank, was opened in AutoDock Tools and cleaned by removing water 

molecules, unwanted ligands, and heteroatoms. AD4 atom types were assigned to the 

protein (Menu > Edit > Atoms > Assign AD4 type). Polar hydrogens were added (Menu > 

Edit > Hydrogens > Add > Choose only polar), and Gasteiger charges were computed and 

assigned (Menu > Edit > Charges > Compute Gasteiger). The prepared protein structure 

was then saved in PDBQT format, which is required for AutoDock Vina. Additionally, grid 

box parameters (Menu > Grid > Grid Box), including the center and dimensions, were 

calculated. 

 

3.2 AutoDock Vina 

 A configuration file for AutoDock Vina was created, specifying the input file path 

(receptor), grid box centers along the x, y, and z axes (center_x, center_y, center_z), grid 

box dimensions (size_x, size_y, size_z), exhaustiveness, scoring function (scoring), and the 

number of CPUs (cpu). This file was saved as a text document. AutoDock Vina was installed 

and run on a Linux system via the terminal using the command: 

 

vina --config /XXX.txt --ligand /YYY.pdbqt --out /output_directory_path 

 

Here, the configuration file path, ligand PDBQT file path, and output directory path were 

provided to execute the docking process. 

 

3.3 DiffDock 

 DiffDock is installed and executed on a Linux system via the terminal. An input 

CSV file is prepared, specifying the path to the target protein, the path to the ligand, and 

the name of the ligand. DiffDock is run using the following command: 

 

python -m inference --protein_ligand_csv /protein_ligand.csv --out_dir /output --

inference_steps 20 --samples_per_complex 10 --batch_size 10 --actual_steps 19 --

no_final_step_noise 

 

The command requires the path to the input CSV file, the output directory path, and other 

parameters. The parameters mentioned here represent the default configuration, and the 

template for the input CSV file can be found on the DiffDock GitHub page: 

https://github.com/gcorso/DiffDock. 

 

3.4 Polymerase Chain Reaction (PCR) 

 To perform a polymerase chain reaction (PCR), a PCR mixture was prepared using 

the components listed in Table 3.1 and run in a thermocycler machine at specific 

temperatures and cycles, as described in Table 3.2. Additionally, an appropriate pair of 

primers must be designed to meet the specific requirements of the experiment for 

successful PCR amplification. 

https://github.com/gcorso/DiffDock
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3.5 PCR product clean up 

 To purify PCR products using the NucleoSpin PCR Cleanup Kit (catalogue no. 

740609.50), the PCR reaction mixture was first adjusted to binding conditions by adding 

2 volumes of Buffer NTI to 1 volume of the PCR sample (e.g., 200 µL of NTI for 100 µL of 

PCR product). The mixture was thoroughly mixed by pipetting and then loaded onto a 

NucleoSpin column placed in a collection tube. The column was centrifuged at 11,000 x g 

for 30 seconds to bind the DNA to the silica membrane, and the flow-through was 

discarded. The column was washed with 700 µL of Buffer NT3 and centrifuged at 11,000 

x g for 30 seconds. An optional second wash with 700 µL of Buffer NT3 was performed to 

ensure high purity, followed by centrifugation under the same conditions. To dry the silica 

membrane, the column was centrifuged at 11,000 x g for 1 minute. Finally, the column was 

placed in a clean microcentrifuge tube, and DNA was eluted by adding 15–30 µL of Buffer 

NE directly onto the membrane. After a 1-minute incubation at room temperature, the 

column was centrifuged at 11,000 x g for 1 minute to collect the purified DNA. 

 

3.6 Transformation of E.coli chemical competent cells 

 For heat shock transformation of E. coli cells, 50 µL of chemically competent cells 

were thawed on ice for 10–15 minutes, followed by the addition of 1–5 µL of plasmid DNA 

(10–100 ng). The cells were gently mixed and incubated on ice for 20–30 minutes to 

facilitate DNA binding. Heat shock was performed by placing the tube in a 42°C Eppendorf 

Thermomixer C dry bath for 30–45 seconds. Immediately afterward, the tube was 

transferred back to ice for 2–5 minutes to stabilize the cells. Subsequently, 300 µL of SOC 

medium (without antibiotics) was added, and the cells were incubated at 37°C with 

shaking at 1000 rpm in an Eppendorf Thermomixer C dry bath for 45–60 minutes to allow 

recovery and the expression of antibiotic resistance genes. Finally, 100 µL of the 

transformed cells were spread onto LB agar plates containing the appropriate antibiotic, 

based on the resistance gene present in the plasmid. The plates were incubated upside-

down at 37°C for 12–16 hours to enable colony formation. 

Table 3.1 PCR reaction mixture  

Components Composition (50 μl) 

10X HF buffer 5 μl 

100% DMSO 1.5 μl  

10 mM dNTPs 1 μl 

100 μM Forward Primer and reverse primer 0.25 μl each 

Phusion polymerase 0.5 μl 

Template plasmid 10 ng 

MilliQ To make up the volume to 50 μl 

Table 3.2 PCR reaction condition 

Steps Temperature 

Step 1: Initial Denaturation (2 minutes) 95ᴼC 

Step 2: Denaturation (1 minute) 95ᴼC 

Step 3: Annealing (30 Seconds) Primers specific annealing temperature 

Step 4: Extension (1-3 minutes depending on 

amplicon size) 

72ᴼC 

Step 5: Final Extension (5 minutes) 72ᴼC 

Step 2 to 4 repeated for 30 cycles 
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3.7 Plasmid isolation from DH5α (E.coli) cells 

 Single colonies from an LB agar plate were inoculated into 5 mL of Terrific Broth 

medium with the appropriate antibiotics and incubated at 37°C with shaking at 200 rpm 

for 12–16 hours to isolate plasmid DNA using the NucleoSpin Plasmid Isolation Kit 

(catalogue no. 740588.50). Bacterial cells from the 5 mL overnight culture were harvested 

by centrifugation at 11,000 x g for 30 seconds. The resulting pellet was resuspended in 

250 µL of Buffer A1 (Resuspension Buffer) by pipetting or vortexing. The resuspended 

cells were then transferred to 2 mL tubes, and 250 µL of Buffer A2 (Lysis Buffer) was 

added. The tubes were gently inverted 4–6 times to ensure complete lysis without 

damaging genomic DNA. The lysate was incubated at room temperature for up to 5 

minutes, followed by the addition of 300 µL of Buffer A3 (Neutralization Buffer) with 

thorough mixing by inverting the tube 6–8 times. The lysate was centrifuged at 11,000 x 

g for 5–10 minutes to pellet cell debris and genomic DNA.  

 

 The resulting clear supernatant was transferred to a NucleoSpin column placed in 

a collection tube, and the column was centrifuged at 11,000 x g for 1 minute to bind the 

plasmid DNA to the silica membrane. The flow-through was discarded, and the column 

was washed with 600 µL of Buffer A4 (Wash Buffer), followed by centrifugation at 11,000 

x g for 1 minute after each wash. An additional centrifugation step at 11,000 x g for 2 

minutes was performed to ensure complete drying of the membrane. The column was 

then placed into a clean 1.5 mL tube, and plasmid DNA was eluted by adding 30 µL of 

Buffer AE (Elution Buffer) directly onto the membrane. After a 1-minute incubation at 

room temperature, the tube was centrifuged at 11,000 x g for 1 minute to elute the plasmid 

DNA. The concentration of the isolated plasmid DNA was measured using a Denovix DS-

11 NanoSpectrophotometer at 260 nm with Buffer AE as the blank. The plasmid DNA was 

then stored at -20°C. 

Table 3.3 List of primers 

Primer Primer sequence (5’ → 3’) 
Thr2Tev_98_FP CTTCCAGGGTGGCGAAATGTGGGGCGTCTCGAGT 

Thr2Tev_98_RP TACAGGTTTTCGCTGCCATGGTGGTGGTGGTGATG 

98_mNeon_FP GAAATAATTTTGTTTAACTTTAAGAAGGAGACTCGAGAATGTGGGGCGTCTCGAGTTTG 

98_mNeon_RP CCATTTGACCCTGGAAGTACAGGTTTTCAGCGCTGGGGCTCACCGG 

98_mbp_FP GACTAATGCCGCAGCAGTGGGTGTGTGGCATCTGTTGCGT 

98_mbp_RP GAGTCAGCATTTAATCGCCAACCACTATCAGTGGTGGTGGTGGTG 

98_IDR_FP CGGCGGCTCGGTGTACGAGGTAGCGCGC 

98_IDR_RP CCACCCGAACCCTTGGCGTCAAACACGATCAC 

mbs_psb_FP CAGCCCAGCCTGCAATGGCCCAAGTTCAATTAGTTGAATCTGGTG 

mbs_psb_RP CCAAGCTGGAGACCGTTTAAACTCAATGGTGGTGATGATGGTGC 

mbl_psb_FP CAGCCCAGCCTGCAATGGCCCAAGTACAACTTGTTGAATCAGGT 

mbl_psb_RP CCAAGCTGGAGACCGTTTAAACTCAATGGTGGTGATGATGGTGC 

syb_mbs_FP GAAGCGCATGTAACGACGTCAAAATACGGTTCGCTGCGTCTGA 

syb_mbs_RP GAGACCGTTTAAACTCAATGATGATGATGATGATGTGCGCTCACAGTCACTTG 

94_328_FP ATTTTGTTTAACTTTAAGAAGGAGATATACATATGCCCCAAGACGAAGCCAAACGAATCCTTGTC 

94_328_RP TCATTTGACCCTGGAAGTACAGGTTTTCAGGTTCCTCTACCTTGACCA 

94_137_FP GTCTGCATGTTGGTGCCCCAGGATGAAGCCAAG 

94_137_RP CTCGTAAATCACCATTGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTC 

fabHC_FP GGTTTAAACTCAGGGCCCTCATCAGCTGCCACAAGACTTAGGTTCCACTTTC 

fabHC_RP ATCCTCGAGGAATTCTCATCAGCTGCCACAAGACTTAGGTTCCACTTTC 

fabLC_FP CTTTGTTGGCCTCTCGCTCGGGGGAAATATCATGCTGACCCAGTCTCC 

fabLC_RP GGTTTAAACTCAGGGCCCTCATCAGCACTCGCCCCGGTTGAAAG 

syb_lego_FP GGAACACCACCACCACCACCACCACCACTGAGATCCG 

syb_lego_RP AGGCTGCTCACAGTCACTTGGGTACCTTGGC 
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3.8 Restriction-free (RF) cloning 

 To perform RF (Restriction-Free) cloning, primers were designed using the 

website rf-cloning.org by providing the insert and target plasmid DNA sequences. The 

platform calculates the appropriate primer sequences, including the insert and flanking 

regions complementary to the target plasmid, as well as the required proportions of 

megaprimer and plasmid. RF cloning involves two sequential PCRs. In the first PCR, the 

insert was amplified using high-fidelity Phusion polymerase to generate a "megaprimer," 

a large DNA fragment with overlapping regions that align with the target plasmid. The 

composition of the first PCR reaction mixture is outlined in Table 3.1, and the PCR was run 

under conditions described in Table 3.2, with an annealing temperature of 56°C. The 

resulting megaprimer was purified using the Nucleospin Gel and PCR Cleanup Kit 

(described in Section 3.5) and used in the second PCR along with the target plasmid. 

During the second PCR, the megaprimer annealed to complementary sequences on the 

target plasmid. This reaction extended the megaprimer, incorporating it into the plasmid 

and creating a complete plasmid with the insert cloned into the target plasmid. The 

composition of the second PCR reaction mixture, as detailed in Table 3.1, included the 

megaprimer instead of forward and reverse primers. The amounts of megaprimer and 

target plasmid were determined based on calculations provided by the RF cloning website 

for the specific primer pairs. PCR conditions were as described in Table 3.2, with an 

annealing temperature of 60°C. Following PCR, DpnI (FastDigest DpnI, catalogue no. 

FD1703) digestion was performed to remove the parental plasmid. This step involved 

incubating 5 µL of the PCR mixture with 0.5 µL of DpnI at 37°C for 1 hour. The DpnI-

digested PCR mixture was directly used to transform E. coli DH5α chemically competent 

cells, which were then plated on LB agar plates containing the appropriate antibiotics, as 

detailed in Section 3.7. 

 

3.9 Mutagenesis cloning using PCR 

 To perform deletions and substitutions in a gene construct, mutagenesis PCR was 

conducted using primers designed with the NEB primer design tool 

(www.nebasechangerv1.neb.com). This tool calculates the annealing temperature specific 

to the designed primers for use in the PCR. The PCR was performed as described in Section 

3.4, with the specific annealing temperature determined by the NEB tool. After PCR, 2 µL 

of the PCR product was combined with the components listed in Table 3.4 for ligation. The 

mixture was incubated at 37°C for 1 hour without shaking in a 1.5 mL tube. Following 

incubation, 10 µL of the mixture was used to transform E. coli DH5α chemically competent 

cells. The transformed cells were then plated on LB agar plates containing the appropriate 

antibiotics, as outlined in Section 3.7. 

 

Table 3.4 Ligation mixture for mutagenesis PCR product 

Component Volume 

T4 DNA ligase (from Thermo Fisher, catalogue no. EL0011) 0.5 µL 

T4 DNA ligase buffer 1 µL 

DpnI (FastDigest DpnI, catalogue no. FD1703) 0.5 µL 

T4 Polynucleotide kinase (from Thermo Fisher, catalogue no. EK0031) 0.5 µL 

MilliQ water 5.5 µL 
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3.10 Preparation of TB media  

 To prepare Terrific Broth (TB) media, 12 g of tryptone, 24 g of yeast extract, 2.31 

g of KH₂PO₄, and 12.54 g of K₂HPO₄ were added to approximately 900 mL of deionized 

water and thoroughly dissolved. Subsequently, 4 mL of glycerol were added, and the 

solution was mixed until completely homogeneous. The final volume was adjusted to 1 L 

using MilliQ water. The media was sterilized by autoclaving at 121°C for 15–20 minutes. 
 

3.11 Preparation of ZYP5052 autoinduction media  

 To prepare 1 L of ZYP5052 media, 928 mL of ZY base media was combined with 

50 mL of 20x NPS solution and 20 mL of 50x 5052 solution. To this mixture, 2 mL of 1 M 

MgSO₄ was added, along with 0.2 mL of 1000x trace elements, if required. The final 

volume was adjusted to 1 L using MilliQ water. Each component of the media was pre-

autoclaved at 121°C for 15–20 minutes. The components of ZY base media, NPS solution, 

5052 solution, and trace elements solution are detailed below. 

Base Media (ZY): 

• 10 g/L tryptone 

• 5 g/L yeast extract 

50x 5052 Solution: 

• 25% glycerol (250 g/L) 

• 2.5% glucose (25 g/L) 

• 10% α-lactose (100 g/L) 

20x NPS Solution: 

• 0.5 M (NH₄)₂SO₄ (6.6 g/100 mL) 

• 1 M KH₂PO₄ (13.6 g/100 mL) 

• 1 M Na₂HPO₄ (14.2 g/100 mL) 

1 M MgSO₄: 

• 24.65 g MgSO₄·7H₂O dissolved in MilliQ water to make 100 mL 

Trace Elements (optional): 

• 50 mM FeCl₃, 20 mM CaCl₂, 10 mM MnCl₂, 10 mM ZnSO₄, 2 mM CoCl₂, 2 mM CuCl₂, 2 mM 

NiCl₂, 2 mM Na₂MoO₄, 2 mM Na₂SeO₃, 2 mM H₃BO₃ 

 

3.12 Expression of recombinant protein in E.coli cells in TB media  

 An expression plasmid containing the gene of interest under the T7 promoter-

terminator system was used to transform the desired E. coli expression strain, as 

described in Section 3.7. A single isolated colony from an LB agar plate was inoculated into 

5 mL of Terrific Broth (TB) medium with appropriate antibiotics (based on the antibiotic 

resistance gene in the plasmid) and incubated at 37°C with shaking for 16 hours. One 

millilitre of this culture was reinoculated into 100 mL of TB medium in a 250 mL sterile 

Erlenmeyer flask containing antibiotics and incubated under the same conditions for 

another 16 hours. The following day, 10 mL of the grown culture was inoculated into 1 L 

of TB medium with antibiotics in a 5 L sterile Erlenmeyer flask. The culture was incubated 

at 37°C with shaking at 200 rpm until it reached an optical density (OD) of 0.8. Upon 

reaching the required density, the culture was induced with IPTG at a final concentration 

of 1 mM (1 mL of IPTG from a 1 M stock solution was added to the 1 L culture), and the 

temperature was reduced to 18°C. The incubation was continued for an additional 16 
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hours at 200 rpm in a shaker incubator. After the 16-hour incubation, the cells were 

harvested by centrifugation at 5,000 x g for 10 minutes at 4°C using an Avanti J25 

centrifuge with a JLA8.1000 rotor and 1 L buckets. The supernatant was discarded, and 

the cell pellet was transferred to a 50 mL tube and stored at -80°C. 

 

3.13 Expression of recombinant protein in E.coli cells in ZYP5052 

autoinduction media 

 An expression plasmid containing the gene of interest under the T7 promoter-

terminator system was used to transform the desired E. coli expression strain, as 

described in Section 3.7. A single isolated colony from an LB agar plate was inoculated into 

5 mL of LB medium with the appropriate antibiotics (based on the antibiotic resistance 

gene present in the plasmid) and incubated at 37°C with shaking for 16 hours. One 

milliliter of this culture was reinoculated into 100 mL of Terrific Broth (TB) medium in a 

250 mL sterile Erlenmeyer flask containing antibiotics and incubated under the same 

conditions for another 16 hours. The following day, 10 mL of the grown culture was 

inoculated into 1 L of ZYP5052 autoinduction medium (prepared as described in Section 

3.11) with antibiotics in a 5 L sterile Erlenmeyer flask. The culture was incubated at 37°C 

with shaking at 200 rpm until it reached an optical density (OD) of 0.7. Once the culture 

reached the required density, the temperature was reduced to 18°C, and incubation 

continued for an additional 16 hours at 200 rpm in a shaker incubator. After this 

incubation period, the cells were harvested by centrifugation at 5,000 x g for 10 minutes 

at 4°C using an Avanti J25 centrifuge with a JLA8.1000 rotor and 1 L buckets. The 

supernatant was discarded, and the cell pellet was transferred to a 50 mL tube and stored 

at -80°C. 

 

3.14 Preparation of Schneider 2 (S2) stable cell line 

 On Day 0, seed cells at a concentration of 1x10⁶ cells/ml in Schneider’s Drosophila 

medium (Complete media). The next day, Day 1, transfect the cells using 1µg of each heavy 

and light chain pMT vectors. Transfection is performed using Effectene transfection 

reagent kit from Qiagen containing Buffer EC, Enhancer and Effectene. Begin by mixing 2 

µg of plasmid DNA (if there are multiple plasmid DNAs, mix them in equal quantity such 

that the final amount is 2 µg) with 0.1 µg pCoPuro for Puromycin selection and top up the 

volume to 150 µl with Buffer EC. Add 16 µl of Enhancer, vortex the mixture, and incubate 

it for 5 minutes at room temperature. Then, add 20 µl of Effectene, vortex again, and 

incubate for another 15 minutes at room temperature. While the incubation is ongoing, 

prepare the cells by carefully pipetting off the media. Wash the cells by adding 2 ml of 

Complete media and carefully pipette it off without dislodging the cells, then add 4 ml of 

Complete media. After the incubation, add 850 µl of Complete media to the transfection 

mixture and transfer the entire mixture dropwise onto the cells, swirling the flasks gently 

to mix the contents. Incubate the cells for 16–24 hours at 28°C. 

 On Day 2, replace the media. Transfer the cells to a 15 ml Falcon tube, ensuring 

they are completely dislodged from the T25 flask. Spin the tube at 1100 rpm 

(approximately 200g) for 5 minutes and discard the supernatant. Resuspend the cells in 

5 ml of Schneider’s complete media. Transfer the resuspended cells back into the flask and 

incubate for two days. 
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 On Day 4, add 8 µg/ml of Puromycin to the culture and incubate the cells for 72 

hours. Following this, on Day 7, change the media by following steps similar to Day 2: 

transfer the cells, spin, discard the supernatant, and resuspend them in 5ml of Schneider’s 

complete media. Culture the cells for another 48 hours. 

 On Day 9, repeat the media change steps as done on Day 7 and culture the cells 

again for 48 hours. On Day 11, begin adapting the cells to Insect cell express media with 

Puromycin. Transfer the cells (approximately 5 ml) to a T75 flask and add an equal volume 

of insect cell express media with Puromycin. Culture the cells for 72 hours. 

 On Day 14, add 5 ml of insect cell express media with Puromycin and continue 

culturing for 48 hours. Finally, on Day 16, Cells are counted and frozen at the density of 

20 million cells per ml with freezing media (45% conditioned media, 45% fresh insect 

express media with puromycin and 10% DMSO) for backup. Remaining cells are passaged 

for cells maintenance and expansion into larger volume for expression. 

 

3.15 Cytoplasmic expression of recombinant protein in Schneider 2 (S2) cells  

 Schneider 2 stable cells, containing the gene for expression of the target protein, 

were cultured at 28°C with shaking at 70 rpm in a shaker incubator until reaching a 

density of 3 million cells per milliliter in Insect Express media from Lonza. The culture 

was induced with cadmium chloride at a final concentration of 4 µM and incubated under 

the same conditions (28°C, 70 rpm) for 5 days. On day 5, the cells were harvested by 

centrifugation at 5,000 x g for 10 minutes using an Avanti J25 centrifuge with a JLA8.1000 

rotor and 1 L buckets. The supernatant was discarded, and the cell pellet was transferred 

into 50 mL tubes and stored at -80°C. 

 

3.16 Secretory expression of recombinant protein in Schneider 2 (S2) cells  

 Schneider 2 stable cells, containing the gene for expression of the target protein, 

were cultured at 28°C with shaking at 70 rpm in a shaker incubator until reaching a 

density of 4 million cells per milliliter in Insect Express media from Lonza. The culture 

was induced with cadmium chloride at a final concentration of 4 µM and incubated under 

the same conditions (28°C, 70 rpm) for 5 days. On day 5, the culture supernatant 

containing the target protein was harvested by centrifugation at 5,000 x g for 15 minutes 

using an Avanti J25 centrifuge with a JLA8.1000 rotor and 1 L buckets. 

 

3.17 Preparation of S2 culture supernatant for purification  

 The cell culture supernatant obtained as described in Section 3.16 was 

concentrated using a tangential flow filtration (TFF) system, comprising a Masterflex 

peristaltic pump combined with a Sartorius Vivaflow 200 cross-flow cassette – PES 

(catalogue no. VF20P0). The supernatant was concentrated to 90 mL and supplemented 

with 10 mL of 1 M Tris (pH 8.0) buffer and 100 µL of 15 mg/mL Avidin to sequester excess 

biotin from the culture media. The concentrated protein solution was centrifuged at 

50,000 x g for 30 minutes at 10°C in 50 mL tubes using an Avanti J25 centrifuge with a 

JA25.50 rotor. The resulting supernatant was filtered through a 0.45 µm filter. 

 

3.18 Bacterial cell lysis by sonication 

 The bacterial cell pellet was resuspended in the appropriate lysis buffer at a 

weight-to-volume ratio of 1 g to 5 mL. The suspension was sonicated on ice using a 
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Branson W250D probe sonicator at 70% amplitude with a 1-second ON/OFF cycle, for a 

total ON time of 15 minutes (suitable for volumes between 200 mL and 350 mL). The 

resulting lysate was centrifuged at 50,000 x g for 30 minutes at 4°C using 50 mL tubes in 

an Avanti J25 centrifuge with a JA25.50 rotor. The supernatant was filtered through a 0.45 

µm filter. 

 

3.19 Insect cell lysis by sonication 

 The insect cell pellet (Schneider 2 cells) was resuspended in the appropriate lysis 

buffer at a weight-to-volume ratio of 1 g to 5 mL. The suspension was sonicated on ice 

using a Branson W250D probe sonicator at 40% amplitude with a 1-second ON/OFF cycle 

for a total ON time of 10 minutes (suitable for volumes between 100 mL and 250 mL). The 

resulting lysate was supplemented with 1.5 µg/mL Avidin and centrifuged at 50,000 x g 

for 30 minutes at 10°C using 50 mL tubes in an Avanti J25 centrifuge with a JA25.50 rotor. 

The supernatant was then filtered through a 0.45 µm filter. 

 

3.20 Ni-affinity purification 

 The lysate obtained from the lysis of bacterial cells (as described in Section 3.18), 

containing recombinant protein with a polyhistidine tag and an Imidazole concentration 

of less than 60 mM, was loaded onto a 5 mL HisTrap FF column from Cytiva (catalogue no. 

17531901). The column was pre-equilibrated with the same lysis buffer used for cell lysis 

(refer to Section 3.18). After the protein was loaded onto the column, it was washed with 

50 mL of wash buffer and eluted with 50 mL of elution buffer, either through a 0%-100% 

gradient or by batch elution directly at 100% elution buffer. The eluted protein was 

collected in fractions of 3 mL. Ni-affinity purification was conducted using the AKTA pure 

25 Fast Performance Liquid Chromatography (FPLC) system at 15°C. 

 

3.21 Streptactin purification 

 The lysate (from cytoplasmic expression) or supernatant (from secretory 

expression) of insect cell culture containing recombinant protein with a Twin Strep tag 

was loaded onto a 5 mL Strep-Tactin XT 4Flow column from IBA Lifesciences (catalogue 

no. 25023001). The column was pre-equilibrated with Strep-Tactin wash buffer (refer to 

the buffer table). After the protein was loaded onto the column, it was washed with 50 mL 

of Strep-Tactin wash buffer (refer to the buffer table) and eluted with 50 mL of Strep-Tactin 

elution buffer (refer to the buffer table) via batch elution, directly at 100% elution buffer. 

The eluted protein was collected in 3 mL fractions. Strep-Tactin purification was 

conducted using the AKTA pure 25 Fast Performance Liquid Chromatography (FPLC) 

system at 15°C. 

 

3.22 Size exclusion chromatography (SEC) purification in 26/600 column 

 Ten milliliters of protein solution were injected into a size exclusion 

chromatography 26/600 column (~320 mL volume) connected to the AKTA pure 25 FPLC 

system. The column was pre-equilibrated with 400 mL of SEC buffer. Following injection, 

chromatography was performed at a flow rate of 1.5 mL/min at 15°C using SEC buffer for 

a total of 400 mL. The eluted protein was collected in 3 mL fractions using fraction tubes. 
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3.23 Size exclusion chromatography (SEC) purification in 10/300 column 

 A 0.8 mL aliquot of protein solution was injected into a size exclusion 

chromatography 10/300 column (~23 mL volume) connected to the AKTA pure 25 FPLC 

system. The column was pre-equilibrated with 40 mL of SEC buffer. Following the 

injection, chromatography was performed at a flow rate of 0.5 mL/min at 15°C using SEC 

buffer for a total volume of 40 mL. The eluted protein was collected in 0.2 mL fractions 

into a 96-well block. 

 

3.24 Chemical biotinylation of target protein 

 To prepare the target protein for sybody screening, chemical biotinylation was 

performed using EZ-Link NHS-PEG4-Biotin (catalogue no. 21330). The process began by 

adding the required quantity of EZ-Link NHS-PEG4-Biotin from a 20 mM stock solution to 

the target protein solution, achieving a final ratio of 22:1 (Biotin:Target Protein). The 

biotinylation reaction was incubated for 15 minutes at 4°C. Excess EZ-Link NHS-PEG4-

Biotin was neutralized by adding Tris buffer (pH 8.0) to a final concentration of 100 mM. 

The biotinylated protein solution was subsequently injected into a Size Exclusion 

Chromatography (SEC) column (HiLoad 10/300GL Superdex 200 Increase) using SEC 

buffer. The biotinylated target protein eluted from the SEC was collected in 1 mL fractions. 

 

3.25 HABA assay for estimation of extent of biotinylation 

 The HABA assay was conducted to quantify biotinylation levels in the biotinylated 

target protein. A HABA/Avidin solution was prepared by mixing 6.7 µL of a 15 mg/mL 

Avidin stock solution, 92.7 µL of SEC buffer, and 0.6 µL of a 10 mM HABA solution (Thermo 

Fisher, catalogue no. 1854180). Quantification was performed using the Denovix DS-11 

NanoSpectrophotometer, with the HABA/Avidin solution serving as the blank. For the 

assay, 9 µL of the HABA/Avidin solution was mixed with 1 µL of biotinylated target 

protein and incubated in the dark at room temperature for 5 minutes. Absorbance was 

measured at 500 nm, and the resulting value was input into the Thermo Fisher HABA 

calculator to determine the number of biotin molecules per mole of target protein. 

 

3.26 Screening of sybodies against target protein 

 The sybody binder screening process involved several steps, starting with 

ribosome display. mRNAs from concave, loop, and convex libraries, categorized by CDR3 

length, were screened against the biotinylated target protein using PUREfrex2.0 with DS 

Supplements (catalogue no. GFK-PF201-0.1-EX). The ribosome-mRNA-sybody complex 

was introduced to the biotinylated target protein immobilized on Dynabeads MyOne 

Streptavidin T1 beads (catalogue no. 65601). After binding, the complexes were eluted, 

and the mRNA was converted into cDNA through reverse transcription PCR using Agilent 

AffinityScript reverse transcriptase (catalogue no. 600105). The cDNA was then amplified 

with Phusion DNA polymerase and cloned into the pDXinit vector (Addgene, #110101) 

via FX cloning using the BspQ1 enzyme (NEB, catalogue no. R0712L). The pDXinit 

phagemid vector was subsequently employed for phage display with M13 bacteriophage. 

 Electrocompetent SS320 cells (Biocat, catalogue no. 60512-1-LU) were 

transformed by electroporation using the Biorad Gene Pulser electroporation system at 

2000 V, 25 μF capacitance, 200 Ω resistance, and 4°C, with pDXinit plasmids. The 

transformed cells were infected with M13KO7 helper phage (catalogue no. N0315S) for 
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30 minutes at 37°C and incubated overnight to produce phages. The phages were purified 

from the culture supernatant using PEG/NaCl precipitation and screened against the 

biotinylated target protein immobilized on immunoplates (48 wells per library). Bound 

phages were eluted with 0.25 mg/mL trypsin, reinfected into SS320 cells, and used for 

subsequent rounds of phage display. For later rounds, Dynabeads MyOne Streptavidin C1 

beads (catalogue no. 65001) were used for immobilization of the biotinylated target 

protein. The eluted phages were reintroduced into SS320 cells for phagemid recovery. 

Isolated phagemids were cloned into the pSBinit vector (Addgene, #110100) via FX 

cloning for sybody expression. MC1061 cells (Biocat, catalogue no. 60514-1) transformed 

with pSBinit plasmids were plated onto LB agar, and 93 colonies per library were cultured 

in 96-well blocks. Sybody expression was induced with a final concentration of 0.02% L-

arabinose and incubated overnight at 22°C. Expressed sybodies in the periplasm were 

lysed using a hypotonic solution and tested for binding on immunoplates coated with anti-

cMYC antibody (Merck, catalogue no. M4439). The biotinylated target protein was added 

alongside a biotinylated maltose-binding protein as a negative control. ELISA signals were 

developed using streptavidin-HRP and measured at 650 nm. Sybodies showing signal 

intensities >1.5-fold above the negative control were identified as hits. Of these, 36 

plasmids were sequenced to exclude sybodies with minimal CDR similarity. 

 The selected sybodies were expressed in MC1061 cells cultured in 50 mL Terrific 

Broth medium. Following induction and overnight incubation at 22°C, the cells were 

lysed, and the sybodies were purified using nickel-affinity resin in gravity flow columns. 

Elution was carried out using a buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, and 

500 mM Imidazole. Purified sybodies were subjected to SEC (using a Sephax 10 column) 

to isolate monomeric variants in 50 mM Tris (pH 7.5) and 150 mM NaCl. For further 

details, refer to Zimmermann et al., 2020. 

 

3.27 Single-point kinetics measurement using Bio-layer Interfermetry (BLI) 

 To estimate single-point kinetic values using Octet Red96e bio-layer 

interferometry, 500 nM of sybodies with a C-terminal polyhistidine tag (ligand) were 

coated onto HIS1K-Anti-Penta-HIS biosensors. The biotinylated target protein, serving as 

the analyte, was prepared at a concentration of 200 nM. The assay setup, as outlined in 

Table 3.5, guided the movement of the biosensors between wells. Baseline and 

dissociation steps were performed using BLI buffer, composed of SEC buffer components 

supplemented with 0.1% Tween 20 and 0.05 mg/mL BSA. This buffer was also used to 

dilute both the sybodies and the biotinylated target protein. The data obtained from the 

assay were analyzed using Octet data analysis software. Key steps included baseline 

subtraction using a no-loading negative control, sensogram alignment to the start of the 

association phase, and fitting a one-to-one binding model to calculate kon, koff, and KD 

values. Each well was filled with 200 µL of the corresponding solution. 

 

Table 3.5 BLI assay parameters for single-point kinetics measurement 

Steps Time in seconds 

Baseline 30 

Loading 60 

Baseline 30 

Association 150 

Dissociation 300 



 

34 
 

3.28 Cross-competition assay using Bio-layer Interfermetry (BLI) 

 A cross-competition assay was conducted using Octet Red96e bio-layer 

interferometry to identify sybodies competing for overlapping antigenic regions on the 

target protein. The assay involved loading 150 nM of biotinylated target protein onto a 

Streptavidin SA biosensor. Two solution sets were tested: one containing 500 nM of a 

single sybody and the other containing 500 nM of the same sybody combined with 500 

nM of an additional sybody, extending this approach to include all sybody pairs. 

 Sensograms were analyzed using Octet data analysis software. The analysis 

included subtracting baseline readings from a no-loading negative control, aligning 

sensograms to the start of the association step, and comparing association differences 

between wells corresponding to each sybody pair. Each well was filled with 200 µL of the 

tested solution. The experimental steps were outlined in Table 3.6. The BLI buffer, which 

consisted of SEC buffer components, was supplemented with 0.1% Tween 20 and 0.05 

mg/mL BSA and was used to dilute the sybodies, target protein, and as the baseline buffer. 

 

Table 3.6 BLI assay setup for cross-competition assay 

Steps Time in seconds 

Baseline 30 

Loading 60 

Baseline 30 

Association - first sybody 120 

Association – first and second sybody 120 

 

3.29 Dynamic light scattering (DLS) 

 Dynamic light scattering (DLS) was performed to identify optimal buffer 

conditions for ensuring protein stability and minimizing aggregation. The experiment 

utilized the SpectroQ instrument (Xtal Concepts), which required samples to be loaded 

into MRC 96-well under-oil plates (catalogue no. UO96T-UVP). Buffer screens were 

prepared in a deep-well block, and the DLS plate was set up using the Crystal Gryphon 

LCP system (Art Robbins Instruments), combining 0.4 µL of protein solution with 0.6 µL 

of buffer in each well. To prevent evaporation, a layer of 30 µL of paraffin oil was added, 

and the plate was placed in the SpectroQ instrument, which was maintained at 20°C and 

equipped with a plate hotel for automated storage and retrieval. 

 The DLS plate was equilibrated for 30 minutes in the plate hotel before 

measurements, which involved 10 runs (10 seconds per run) per well. Drop search and 

fine search steps were conducted to accurately focus the laser on the protein-buffer drop. 

 Scattering data were analyzed using the Spectro Crystal application, employing an 

auto-correlation function to generate curves for estimating the hydrodynamic radius and 

polydispersity index. The resulting radius distribution plots provided insights into 

hydrodynamic radius and sample heterogeneity. The experiment was repeated over 3–5 

days, and data from all days were compiled into a single radius distribution plot. The 

viscosity was set to 1.0 mPa·s to reflect the theoretical viscosity of the buffer solutions. 

 

3.30 Thermal Shift Assay (TSA) 

 The Thermal Shift Assay (TSA) was conducted to determine the melting 

temperature (Tm) of the target protein under different buffer and additive conditions, 

using SYPRO Orange dye to monitor protein thermal stability. SYPRO Orange binds to 
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hydrophobic regions exposed during protein unfolding, resulting in increased 

fluorescence. A final concentration of 3 µM target protein solution in 100 mM screening 

buffer was prepared in a total volume of 28.8 µL by mixing stock solutions of the target 

protein and buffer components in MilliQ water. Subsequently, 1.2 µL of 50X SYPRO Orange 

dye (Merck, catalogue no. S5692) was added to the mixture. The dye, being light-sensitive, 

was handled in the dark to prevent degradation. 

 The experiment was performed using a StepOne qPCR machine (Applied 

Biosystems). The temperature was incrementally raised from 25°C to 95°C in 1°C steps, 

each lasting 30 seconds, while fluorescence was measured at each step as the protein 

unfolded. The data generated a sigmoidal curve, with the point of inflection indicating the 

Tm. Alternatively, the lowest point on the negative first-order derivative of the sigmoidal 

curve also provided the Tm value. 

 

3.31 Limited proteolysis experiment 

 Limited proteolysis was performed to identify stable domains within the target 

protein. The proteases and their respective concentrations are listed in Table 3.7. Protein-

protease solutions were prepared and incubated at 37°C for 1 hour. Following the 

incubation, the reactions were terminated by adding 5x SDS-PAGE sample loading dye, 

and the samples were analyzed using a 15% SDS-PAGE gel. 

Table 3.7 Proteases used for limited proteolysis experiment 

Name of the 
Protease 

Stock 
concentration 
of proteases 

Volume of 
protease used 

Concentration 
of target 
protein 

Total volume made 
up with target 
protein buffer 

Thermolysin 1 mg/mL 1 μL 180 μM 12 μL 
Proteinase K 1 mg/mL 1 μL 180 μM 12 μL 
Streptomyces 
protease 

10 mg/mL 1 μL 180 μM 12 μL 

Licheniformis 
protease 

10 mg/mL 1 μL 180 μM 12 μL 

Papain 10 mg/mL 1 μL 180 μM 12 μL 

 

3.32 Surface lysine methylation 

 Surface lysine methylation was performed to chemically modify lysine residues 

on the surface of the target protein via covalent addition of methyl groups to the lysine 

side chains. One milliliter of protein solution (1 mg/mL) was mixed with 20 µL of 1 M 

dimethylamine-borane complex (Merck, catalogue no. 180238) and 40 µL of 1 M 

formaldehyde, followed by incubation at 4°C for 2 hours. This step was repeated with the 

same additions and incubation for another 2 hours. Finally, 10 µL of 1 M dimethylamine-

borane complex was added to the solution, and it was incubated overnight at 4°C. 

 

3.33 Size exclusion chromatography – multiangle light scattering (SEC-

MALS) 

 Multiangle light scattering (MALS) is a static light scattering technique used to 

estimate molecular weight, radius of gyration, second virial coefficient, and other 

parameters. In this setup, a MALS device (miniDAWN from Wyatt) was connected in series 

with an RI detector (Shodex RI-501), an in-line UV spectrophotometer (variable 

wavelength detector from Agilent), and a High-Performance Liquid Chromatography 



 

36 
 

(HPLC) system (Agilent 1260 Infinity II HPLC system) equipped with a Superdex 200 

Increase 10/300GL size exclusion chromatography column. 

 A protein sample of 100 µg, in a volume not exceeding 100 µL, was injected into 

the HPLC system connected to the SEC column, UV detector, RI detector, and MALS device. 

The HPLC was operated using the Agilent HPLC dashboard application, with the flow rate 

set to 1.0 mL/min. Sample injection, as well as UV, RI, and scattering measurements, were 

managed and recorded using ASTRA software version 8.0 (Wyatt). Method setup included 

inputting the sample concentration and extinction coefficient. 

 To standardize and analyze the results, 25 µL of bovine serum albumin (BSA) at a 

concentration of 2 mg/mL was used. Following the analysis, the software provided 

molecular weight and polydispersity index values for the target protein. 

 

3.34 Tobacco Etch Virus (TEV) protease digestion 

 One milligram of the target protein was mixed with 0.25 mg of TEV protease and 

supplemented with Dithiothreitol (DTT) to a final concentration of 1 mM. The protein 

solution was poured into a 10 kDa cut-off SnakeSkin dialysis bag (Thermo, catalogue no. 

88245). Both ends of the dialysis bag were clamped, and the bag was dialyzed against 

TEV_dialysis buffer (as detailed in Table 3.8) for 16 hours. The dialysis was conducted in 

a beaker containing a magnetic bead, placed on a magnetic stirrer set at 100 rpm. The 

dialysis bag was hung using a thread to ensure it did not come into contact with the 

spinning magnetic bead at the bottom of the beaker. 

 After 16 hours, the digested protein solution was collected and loaded onto a 5 

mL HisTrap FF column pre-equilibrated with TEV_dialysis buffer. The TEV protease and 

uncleaved target protein bound to the column resin, while the cleaved protein was 

recovered in the flow-through solution. Following the protein solution, an additional 10 

mL of TEV_dialysis buffer was passed through the column, and the flow-through 

contained the target protein without the affinity tag. 

 

3.35 Expression of sybodies in MC1061 E.coli cells in TB media  

 An expression plasmid containing the gene of interest for sybody, in the pSBinit 

vector under the araBAD promoter system with a pelB periplasmic expression signal, was 

used to transform the MC1061 E. coli expression strain, as described in Section 3.7. 

Transformation was performed in the presence of chloramphenicol (35 µg/mL). A single 

isolated colony from an LB agar plate was inoculated into 5 mL of TB medium with 

chloramphenicol and incubated with shaking at 37°C for 16 hours. 

 One milliliter of this culture was reinoculated into 100 mL of TB medium in a 250 

mL sterile Erlenmeyer flask containing chloramphenicol and incubated under the same 

conditions for another 16 hours. The following day, 10 mL of the grown culture was 

inoculated into 1 L of TB medium with chloramphenicol in a 5 L sterile Erlenmeyer flask. 

The culture was incubated at 37°C with shaking at 200 rpm until it reached an optical 

density (OD) of 0.8. 

 Once the required density was reached, the culture was induced with L-arabinose 

at a final concentration of 0.02% (2 mL of 10% L-arabinose per 1 L of culture), and the 

temperature was reduced to 18°C. The incubation was continued for an additional 16 

hours at 200 rpm in a shaker incubator. 
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 After the 16-hour incubation, the cells were harvested by centrifugation at 5,000 

x g for 10 minutes at 4°C using an Avanti J25 centrifuge with a JLA8.1000 rotor and 1 L 

buckets. The supernatant was discarded, and the cell pellet was transferred into a 50 mL 

tube and stored at -80°C. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.8 List of buffers 

Name Composition 

98_lysis1 50 mM Tris pH8.0, 300 mM NaCl, 10% Glycerol, 40 mM Imidazole, 2mM 

ATP, 5mM MgCl2, 10 μg/mL DnaseI, 0.5x Protease inhibitor cocktail, 0.2% 

Triton-X-100.  

98_wash1 50 mM Tris pH8.0, 300 mM NaCl, 10% Glycerol, 40 mM Imidazole. 

98_urea 50 mM Tris pH8.0, 300 mM NaCl, 10% Glycerol, 40 mM Imidazole, 1 M 

Urea.  

98_elution1 50 mM Tris pH8.0, 300 mM NaCl, 10% Glycerol, 500 mM Imidazole. 

tev_dialysis 10 mM Tris pH8.0, 300 mM NaCl, 5% Glycerol.  

98_sec 10 mM HEPES pH8.0, 300 mM NaCl, 5% Glycerol.  

sybody_lysis 50 mM Tris pH8.0, 300 mM NaCl, 5% Glycerol, 30 mM Imidazole, 10 μg/mL 

DnaseI, 0.5x Protease inhibitor cocktail. 

sybody_wash 50 mM Tris pH8.0, 300 mM NaCl, 5% Glycerol, 30 mM Imidazole. 

sybody_elution 50 mM Tris pH8.0, 300 mM NaCl, 5% Glycerol, 500 mM Imidazole. 

sybody_sec 20 mM Tris pH7.4, 150 mM NaCl, 5% Glycerol. 

98_mbs_sec 20 mM HEPES pH7.4, 150 mM NaCl. 

9499_lysis 100 mM Tris pH8.0, 150 mM NaCl, 1 mM EDTA. 

streptactin_wash 10 mM Tris pH8.0, 150 mM NaCl, 1 mM EDTA. 

streptactin_elution 10 mM Tris pH8.0, 150 mM NaCl, 1 mM EDTA, 50 mM D-Biotin. 

9499_sec 20 mM HEPES pH7.4, 150 mM NaCl, 5% Glycerol.  

strep_lego_wash 50 mM HEPES pH8.0, 150 mM NaCl, 1 mM EDTA, 5 mM D-maltose. 

strep_lego_elution 50 mM HEPES pH8.0, 150 mM NaCl, 1 mM EDTA, 5 mM D-maltose, 50 mM 

D-Biotin. 

lego1_9499 20 mM HEPES pH7.4, 150 mM NaCl, 2 mM D-maltose.  

lego2_9499 10 mM CHES pH9.0, 50 mM NaCl, 100 mM MgCl2, 2 mM D-maltose. 
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4. Results 
 

4.1 Virtual screening of hits against pUL77 using consensus docking, 

clustering and ranking pipeline 

 

4.1.1 Consensus docking, clustering and ranking (DoCR) pipeline to identify 

hits 
 I developed a pipeline for consensus Docking, Clustering, and Ranking, termed 

'DoCR.' DoCR integrates several modules written in Python, including docking (using 

AutoDock Vina and DiffDock), modeling (with AlphaFold3), filtering, clustering, scoring, 

and ranking. 

 Usage of AutoDock Vina allowed to dock molecules over the chosen hotspot 

residues, while DiffDock only facilitates global docking across the entire surface of the 

target protein. AlphaFold3 was utilized to model the protein-ligand complex. Combining 

local and global docking tools with a modeling tool – Alphafold3 – enhances the 

probability of identifying true positive hits via an alignment of poses derived from all three 

tools. 

 

Docking Tools: 

• AutoDock Vina utilizes a Monte-Carlo sampling algorithm combined with the 

BFGS gradient-based optimizer and an empirical scoring function to evaluate 

poses. The sampling space in Vina is defined by the user as a box around selected 

amino acid residues on the target protein [Eberhardt et al., 2021]. 

• DiffDock applies a diffusion generative AI model to generate docked poses and a 

deep-learning scoring model to evaluate them. It is a global docking tool, sampling 

small molecules across the entire protein surface. Although higher scores in 

DiffDock suggest better poses, they do not correspond to binding energy [Corso, 

Stark, Jing et al., 2023]. 

 

 Superposition of poses obtained with the local docking tool (AutoDock Vina) and 

the global docking tool (DiffDock) directly compares the results from the two algorithms, 

thereby allowing to identify matching poses with an increased likelihood of an accurate 

pose.  

 DoCR clusters small molecules based on the similarity of their chemical 

substructures interacting with the hotspot residues, utilizing Butina and F-clustering 

algorithms. Additionally, DoCR scores molecules based on the average atom-to-atom root 

mean square distance across pairs of poses from the three tools and the proportion of the 

target interface covered by the selected residues. 
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4.1.2 Python function in DoCR to identify hotspot residues  

 Protein-protein interactions (PPIs) are increasingly targeted for therapeutic 

interventions due to their critical roles in numerous diseases, including cancers, 

neurological disorders, and metabolic diseases. Estimates of the human proteome suggest 

the presence of over 600,000 PPIs [Stumpf et al., 2007; Sun and Zhao, 2010; Zhao et al., 

2014]. Unlike traditional drug targets that feature well-defined binding pockets, PPIs 

present unique challenges. These include large interaction surfaces (1500 A ² to 3000 A ²), 

hydrophobic interfaces, the absence of clear binding pockets, and shallow surfaces. 

Furthermore, the high affinity of protomer interactions often makes it difficult for small 

molecules to compete effectively. Additionally, the larger size of such molecules (often 

exceeding 500 Da) poses challenges in adhering to Lipinski’s "rule of 5" [Lipinski et al., 

2001; Arkin and Wells, 2004; Cheng et al., 2007; Buchwald, 2010; Smith and Gestwicki, 

2012; Ivanov et al., 2013]. 

 The discovery that certain residues, termed "hotspots," contribute significantly to 

the binding energy of PPIs [Shangary and Wang, 2009], has opened avenues for small 

Figure 4.1.1: Workflow of DoCR pipeline 



 

40 
 

molecule inhibitors. These hotspots typically contribute more than 2 kcal/mol to binding 

energy [Thorn and Bogan, 2001; Moreira et al., 2007; Janin et al., 2008; Geppert et al., 

2011]. Small molecules targeting these hotspots can effectively disrupt PPIs, creating a 

new class of therapeutic targets. Moreover, molecules binding to non-interface pockets 

(allosteric sites) can modulate interactions indirectly, resulting in two mechanisms of 

inhibition: orthosteric (direct hotspot interaction) and allosteric (binding to allosteric 

sites). 

 The DoCR pipeline includes a Python function designed to identify hotspot 

residues that mediate protein-protein interactions within a dimeric protein complex, 

utilizing the REF2015 score function from the PyRosetta package. The process involves 

the following steps: 

 

1. Interface Detection: Interface atoms within a threshold distance of 8 A  are 

identified. 

 

2. Baseline Energy Calculation: The potential energy of the entire dimer complex 

is computed to serve as a reference. 

 

3. Residue Analysis: Each residue at the interface is individually analyzed by 

mutating all other interface residues to glycine, while keeping the residue of 

interest intact. The potential energy of this mutated complex is then calculated. 

 

4. Energy Difference Estimation: The difference in potential energy between the 

wild-type dimer complex and the glycine-mutated complex is recorded for each 

interface residue. Residues causing the highest energy difference are considered 

hotspots, as they confer the most stability to the complex. While the potential 

energy difference does not provide absolute values, it allows for a relative 

comparison among residues. 

 

 Hotspots, in this context, are defined as residues with the lowest relative potential 

energy difference and are critical for complex stability. Figure 4.1.2 illustrates the Python 

functions used to mutate residues to glycine and estimate the potential energy of the 

complex. 
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4.1.3 pUL77 has two non-overlapping regions with protein-protein 

interaction hotspots  
 Interface analysis of the pUL77 dimer, derived from the published pentameric 
structure of pUL77 (PDB: 8TEP), was conducted using the DoCR pipeline. An 8 A  distance 
threshold was applied to account for all potential long-range forces. The analysis 
identified 20 amino acid residues at the interface within this threshold distance, with the 
interactions localized into two clusters of amino acids (refer to Figure 4.1.3). 
 From the 20 interface residues, those exhibiting the lowest potential energy 
difference when all other interface residues were mutated to glycine were classified as 
ideal hotspot residues. The interface and hotspot analysis were performed using the 
hotspot_analysis.py script from the DoCR pipeline. In this analysis (see Figure 4.1.4), 
residue HIS196 showed the lowest binding energy difference among all residues. 
 Furthermore, residues ASN205, PHE208, and GLU209 from Cluster 1, along with 
residue GLN251 from Cluster 2, formed a shallow pocket with a surface area of 2500 A ², 
as calculated using PISA (see Figure 4.1.5). This shallow pocket represents part of the total 
protein surface area of approximately 19,586 A ². 
 

Figure 4.1.2: Python functions for mutating residues to glycine and estimating potential 
energies 
This illustration showcases the Python functions used to mutate specific residues to glycine and 
estimate the potential energies of the mutated target protein dimer complex.  
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 Based on their potential energy differences and localization within the shallow 
pocket, residues ASN205, PHE208, GLU209, and GLN251 were selected for docking and 
subsequent downstream analysis. 

Figure 4.1.3: pUL77 pentameric structure (PDB: 8TEP) with interface residues 

highlighted 
The pUL77 pentameric structure (PDB: 8TEP) is depicted, with interface residues in hotspot 
clusters highlighted. Residues within these critical clusters are colored in hotpink and red. 
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Figure 4.1.4: Plot of interface residues vs. potential energy difference 

This plot showcases the relationship between the interface residues of the pUL77 dimeric 
structure and the potential energy differences (in kcal/mol) caused by mutating other interface 
residues to glycine.  
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4.1.4 Initial hits from AutoDock Vina  

 The pUL77 monomer crystal structure (PDB: 7NXP) was utilized for docking 

studies. The input PDBQT structure of pUL77 was prepared as outlined in Section 3.1 

using AutoDock Tools. Grid parameters for AutoDock Vina were determined and are 

provided in Table 4.1. 

 A total of 1.1 million small molecules were sourced from the ZINC22 library, 

focusing on the subcategories of lead-like, readily purchasable molecules with neutral 

charge. These molecules were downloaded in SDF format. Using the sdf_to_pdbqt.py script 

from the DoCR pipeline, the small molecules were converted from SDF to PDBQT format 

for compatibility with AutoDock Vina. 

 Docking runs were performed on all 1.1 million small molecules in AutoDock Vina 

with an exhaustiveness setting of 8 and employing the vinardo scoring function. The 

docking workflow was executed using the bash script script_run_vina.sh. The results were 

analyzed to extract binding energies, and 6,830 small molecules with binding energies 

less than or equal to -6 kcal/mol were sorted for further investigation. 

  
Table 4.1 Grid parameters for pUL77 

Name of the parameter Value 

center_x -53 

center_y 75 

center_z 6 

size_x 28.0 

size_y 26.0 

size_z 30.0 

  

4.1.5 Extensive screening of initial hits in AutoDock Vina and DiffDock 

 The sorted 6,830 molecules underwent docking in AutoDock Vina at an 

exhaustiveness setting of 32, utilizing the script script_run_vina.sh. All grid parameters, as 

described in Table 4.1, were kept unchanged, and the vinardo scoring function was 

applied. 

 These sorted molecules were converted back to SDF format in a two-step process: 

first by converting them to PDB format using the pdbqt_to_pdb.py script, followed by 

conversion to SDF format using the pdb_to_sdf.py script. Subsequently, the molecules were 

Figure 4.1.5: pUL77 (C-terminal) monomeric structure (PDB: 7NXP) 
This figure highlights the surface area of the pUL77 (C-terminal) monomeric structure (PDB: 
7NXP), with key regions colored in light orange and hotpink. The light orange area indicates a 
shallow pocket formed by residues ASN205, PHE208, GLU209, and GLN251. 
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docked globally using DiffDock with the script_run_diffdock.sh. The pUL77 monomer 

crystal structure, supplemented with polar hydrogen atoms in PDB format (prepared 

using AutoDock Tools, as detailed in Section 3.1), served as the target protein. The DoCR 

pipeline included a script to automate the DiffDock run by generating a CSV file that listed 

all 6,830 molecules alongside the target protein in the required format. 

 The top-ranked docking poses from AutoDock Vina and DiffDock were extracted 

using the script script_extract_energy.py, which exported the scores into a CSV file for 

downstream analysis. 

  

4.1.6 Analysis for poses from Vina and DiffDock 

 To identify small molecules with similar poses, a binary vector was created for 

each molecule based on its interaction with the hotspot residues within a 4 A  distance 

from the pose using the script pose_analysis.py. A binary vector is an array of 0s and 1s, 

where 1 indicates an atom interacting with one of the hotspot residues, and 0 indicates no 

interaction. 

 These binary vectors were analyzed to sort small molecules that have at least four 

atoms interacting with the hotspot residues within a 4 A  distance using the script 

pose_sorting.py. This analysis identified 298 small molecules from DiffDock and 204 small 

molecules from AutoDock Vina, with 48 molecules common to both tools. 

 Visual inspection confirmed that these 48 molecules occupy the same pocket, 

albeit with varying degrees of angular and spatial deviation in their poses (see Figure 

4.1.6). Nevertheless, these 48 molecules displayed overlapping poses and were 

considered consensus molecules. 

 

4.1.7 Clustering of consensus hits 

 To group the hits based on the similarity of chemical moieties interacting with the 

hotspot residues of pUL77, the clustering program in the DoCR pipeline first extracted 

distinct chemical moieties or substructures from the entire molecule (see Figure 4.1.7 for 

illustration and Figure 4.1.8 for the Python function). The proximity of each substructure 

to the hotspot residues was estimated in terms of distance (in A ngstroms, A ). 

 

 

 

Figure 4.1.6: Poses of 48 molecules from Vina and DiffDock 
Panel (A) displays the poses of 48 molecules as determined by AutoDock Vina, while Panel (B) 

shows the poses of the same 48 molecules as determined by DiffDock. Hotpink region refers to 
cluster 1 and red region refers to cluster 2.  

 

A B 
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 Substructures interacting with the hotspot residues were fingerprinted using the 

RDFingerprint generator function from the RDKit package (see Figure 4.1.8 for the Python 

function). Fingerprinting is a computational method that encodes molecular 

characteristics such as atom types, functional groups, or substructures into binary vectors 

(or strings). In this pipeline, each fingerprint was represented by 1024 bits. Individual 

fingerprints of the substructures were then merged to generate a comprehensive 

fingerprint for each small molecule, ignoring substructures that did not interact with the 

hotspot residues. 

  

 The fingerprints of each small molecule were used to calculate the Tanimoto 

distance coefficient. This coefficient was determined by generating a matrix of distance 

values for all possible combinations of small molecules using the formula shown in Figure 

4.1.9 (see Figure 4.1.10 for the Python function). 

 

Figure 4.1.7: Fragmenting of one of the 48 
molecules (ZINC_ID: ZINCkl000005BmRn) 

Figure 4.1.8: Python functions to generate substructures of molecules and to generate 
fingerprints of sub-structures 

 

Figure 4.1.9: Formula for tanimoto similarity and distance coefficient 
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 The Tanimoto distance coefficients were then employed for clustering small 

molecules based on their similarity using two algorithms: the Butina algorithm from the 

RDKit package and the F-clustering algorithm from the SciPy package. A Tanimoto 

distance cut-off of 0.4 was chosen for the Butina algorithm, based on performance analysis 

across threshold values ranging from 0.1 to 0.9. The cut-off value of 0.4 indicates that 

molecules with 60% or more similarity were grouped into the same cluster. The Butina 

clustering results revealed that 47 hits were distinct, while one hit shared 60% or more 

similarity with other hits (see Figure 4.1.11-A). 

 The F-clustering algorithm performs hierarchical linkage analysis using the 

previously calculated Tanimoto distance values. The number of clusters is an arbitrary 

input provided to the algorithm. For this analysis, the small molecule hits were grouped 

into 10 clusters, with the linkage cut-off automatically determined at 1.07 (see Figures 

4.1.11-B and 4.1.11-C). 

  Clustering of the small molecule hits was executed using the clustering.py script 

from the DoCR pipeline. The script outputs Excel files listing the small molecules in each 

cluster, along with plots visualizing the results for both clustering algorithms. 
 

 

 

 

 

 

 

 

 

Figure 4.1.10: Python functions to calculate tanimoto matrix and perform butina and F-
clustering 
This figure demonstrates the Python functions used to calculate the Tanimoto matrix and to 
perform clustering using Butina and F-clustering algorithms.  
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4.1.8 Pose prediction and analysis using Alpahfold3 

 All 48 consensus small molecules were analyzed using AlphaFold3 alongside the 

amino acid sequence of pUL77. For the first small molecule, an input FASTA file containing 

the pUL77 protein sequence and SMILES code was used. The multiple sequence alignment 

(MSA) generated from the first run was utilized for the subsequent AlphaFold3 runs. 

Results from AlphaFold3 were analyzed similarly to Section 4.1.6 (Analysis of poses from 

Vina and DiffDock) by employing the scripts af3_pose_analysis.py and af3_pose_sorting.py. 

These scripts relied on binary vectorization techniques to disregard predictions where 

the small molecule failed to interact with the desired hotspot residues of pUL77. This 

analysis revealed that all 48 molecules were predicted by AlphaFold3 to not interact with 

the hotspot residues of pUL77. 

  In another project, where the pipeline was used to screen for hits against a target 

protein from KSHV, 4,500 consensus hits were analyzed using AlphaFold3. This resulted 

in 430 predicted interactions that show similarities with the results obtained with Vina 

and DiffDock (data not shown here). 

 

4.1.9 Orthogonal analysis of poses from Vina, DiffDock and Alphafold3 for 

scoring and ranking of hits 

 To extract small molecule coordinates from the AlphaFold3 results, a series of 

steps were performed. First, the results were converted from mmCIF to PDB format using 

Figure 4.1.11: Clustering analysis of molecules using butina and F-clustering methods 
Panel (A) presents a bar graph showing the number of clusters versus the number of molecules in 
each cluster from Butina clustering. Panel (B) displays a hierarchical dendrogram from F-
clustering, illustrating the linkage between molecules based on their index and linkage distance. 
Panel (C) provides a table of 48 molecules clustered into 10 clusters using F-clustering. 

A 

B C 
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the script mmcif_to_pdb.py for easier analysis. Next, the results were superimposed with 

the pUL77 PDB structure using superimpose_pdb.py. Finally, the coordinates of small 

molecules were extracted using the script extract_chains.pdb. Since the coordinates of 

structures predicted by AlphaFold3 might differ even when using the same input protein 

sequence, superimposition corrects for these discrepancies, enabling analysis of poses 

from Vina and DiffDock. 

  SDF and PDBQT files of small molecule hits from Vina and DiffDock were 

converted to PDB format using the scripts sdf_to_pdb.py and pdbqt_to_pdb.py, 

respectively. This allowed streamlined analysis alongside the small molecule files 

generated by AlphaFold3. 

 A scoring model was developed based on two criteria: average atom-to-atom root 

mean squared distance (RMSD) and solvent-accessible surface area coverage of the small 

molecule hits (refer to Figure 4.1.12 for details on the scoring function). Average atom-to-

atom RMSD was calculated for each small molecule by pairwise alignment of poses from 

Vina, DiffDock, and AlphaFold3. Additionally, solvent-accessible surface area coverage 

over the hotspot residues of pUL77 was estimated for all small molecule poses derived 

from Vina, DiffDock, and AlphaFold3.   

 

 

 

 

 

 

 

 

 The scoring model assigned two-thirds weight to the atom-to-atom RMSD term 

and one-third weight to the solvent-accessible surface area coverage term. Within the 

RMSD term, equal weight was distributed across all pairwise comparisons (Vina-DiffDock, 

DiffDock-AlphaFold3, and Vina-AlphaFold3). For the solvent-accessible surface area 

coverage term, one-fourth weight was allocated to poses from Vina and DiffDock, while 

AlphaFold3 predictions received one-half weight. The ideal poses, achieving 100% 

similarity, would yield a score of 1. The scores for hits identified against pUL77 ranged 

between 0.45 and 0.2, with higher-scoring small molecules ranked higher for shortlisting. 

 Since the predicted poses from Alphafold3 for small molecules with pUL77 protein 

were not consistent with results from Vina and Diffdock, the scores were calculated from 

the results from Vina and Diffdock. The highest-ranked small molecules within each F-

cluster (based only on poses from Vina and Diffdock), a total of 16 small molecules, that 

are currently available for purchase have been ordered for functional studies through 

collaboration. 
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Figure 4.1.12: Scoring model to score the hits 

 
N – no of tools used (3 – Vina, DiffDock and Alphafold3) 
n – no. of atoms in the small molecule being analysed 
ɑi – Coordinates of atom from the first tool  

ɑ’i – Coordinates of atom from the second tool 

H – Solvent accessible surface area (in A 2) of hotspot residues covered by small molecule 
A – Total Solvent accessible surface area (in A 2) of hotspot residues 
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4.2 Structural characterization of pUL98 

 

4.2.1 Multiple sequence alignment of pUL98 with orthologues and protein 

disorder prediction reveals intrinsic disordered region (IDR) 

 A multiple sequence alignment of the 584 residues of pUL98 from the AD169 

strain (Uniprot ID: P16789), performed using Clustal Omega (v1.2.4) [Sievers and Higgins, 

2017], revealed conservation of the putative active site residues (D254, E278, and K280) 

among orthologs of alkaline nucleases from the human herpesvirus family (highlighted in 

red in Figure 4.2.1–B). The residues from positions 88 to 119, which are not conserved 

among herpesviruses (refer to Figure 4.2.1–A), were designated as the non-conserved 

region (NCR). Additionally, residues from positions 400 to 440 in HCMV were found to be 

absent in other alkaline nucleases (refer to Figure 4.2.1–C). 

 

  

To gain further insights into the domains present in pUL98, the amino acid 

sequence was subjected to protein functional domain analysis using InterPro. The analysis 

confirmed the presence of the alkaline exonuclease domain and identified an intrinsic 

disordered region (IDR) between residues 410 and 430. This aligns with the stretch of 

Figure 4.2.1: Multiple sequence alignment of pUL98 with other human Herpesviruses 

The multiple sequence alignment of pUL98 was conducted using Clustal Omega. In panels (A) 

and (C), the amino acid sequences highlighted in red are not conserved among alkaline 

nucleases in other human herpesviruses. In panel (B), the residues highlighted in red 

constitute the putative active site residues, which are apparently conserved across alkaline 

nucleases of human herpesviruses. 

A 

B 

HHV1  183 ---RGLGRHLWRL----TR---------RGPPA----------------AAD---AVAPR 212 
HHV2  173 ---RGLGRHLWRL----TR---------RAPPS----------------AAE---AVAPR 202 
HHV3  83  ---PGSTNALFFK----TS---------TQPQE-----------PHPEELASKLTQDDIK 120 
HHV4  73  ---END--------------------SKDGPSLK-----------SIYWGLQEATDEQRT 100 
HHV8  81  ---GGV----------------------RLLDVA-----------SVYAACSQMNAHQRH 116 
HHV5  82  ARDEGLRDILGQRHAAEASRAEIAEALERVAERCDDRHGGSDDYVWLSRLLDLAPNYRQV 141 
HHV7  70  FIDE-----N--------------V---E---LSDLY-------SNIYVRLQDASPKVVK 107 
HHV6A 73  TRVDGSEDIS--------------M---DLSELCKLYDYC----PLLCSALCRAPCVSVN 116 
HHV6B 73  ARVDGSEDVS--------------M---DMSELCKLYDYC----PLLCSALCRAPCVFVN 116 

 

HHV1   329 DGHTGMVGASLDILVCPRDIH-G-YLAPVP-KTPLAFYEVKCRAKYAFDPMDPSDPTASA 385 

HHV2   319 DGHTGMVGASLDILVCPRDPH-G-YLAPAP-QTPLAFYEVKCRAKYAFDPADPGAPAASA 375 

HHV3   249 DVRTGLIGASLDVLVCDRDPLTG-TLNPHPAETDISFFEIKCRAKYLFDPDDKNNPLGRT 307 

HHV4   192 SPTDGIFGVSLDLCVNVESQGDF-I-L---FTDRSCIYEIKCRFKYLFSKSEF-DPIYPS 245 

HHV8   210 SPQNGIFGVSLDFAANVKTDTEG-RLQ---FDPNCKVYEIKCRFKYTFAKMEC-DPIYAA 264 

HHV5   243 DPTSGLLGASMDLCFGVLKQGSGRTLL---VEPCARVYEIKCRYKYLRKKED------PF 293 

HHV7   194 DPSSGVFGASIDSYYGISFNDNN-LIE---VGDKVVIFELKFRYKYLREKND------LF 243 

HHV6A  202 DPSSGVFGASLDACFGISFNEDG-FLM---VKEKALIFEIKFKYKYLRDKED------HF 251 

HHV6B  202 DPSSGVFGASLDACFGISFNEDG-FLM---VKEKALIFEIKFRYKYLRDKED------HF 251 

           .   *:.*.*:*                        .:*:* : **     :         

 

 

HHV1   452 LVELNSGVVSEVLLFGAPDL-------------------------------------------------------GRHTISPVSWSSGD 484 

HHV2   442 LVELNSGVVSEVLLFGVPDL-------------------------------------------------------ERRTISPVAWSSGE 474 

HHV3   373 HLGLNRTISSRVWVFNDPDI-------------------------------------------------------QKGTITTIAWATGD 405 

HHV4   313 SLAANRGVESMLYVMTDPS-------------------------------------------------------ENAGRIGIK------ 339 

HHV8   332 CILHNSTTESDVYVLTDPQ-------------------------------------------------------DTRGQISIK------ 358 

HHV5   362 LLYLNKAECSEVIVFDAKHLSDDNSDGDATITINASLGLAAGDAAGGGADHHLRGSPGDSPPPIPFEDENTPELLGRLNVYEV------ 447 

HHV7   310 LIPMNEKNVSTAIIFDVVK----------------------------------------------------DCILNTLVAYQK------ 342 

HHV6A  321 LLCLNETQKSTVIVFDCKS----------------------------------------------------DLCEQKLSVFQK------ 350 

HHV6B  321 LLCLNETQTSTVIVFDCKS----------------------------------------------------HLSEQKLSVFQK------ 350 

            :  *    *   ::                                    

C 

Figure 4.2.2: Bokeh plot of amino acid residues of pUL98 versus IUPred2 
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amino acids identified in the multiple sequence alignment that was absent in any 

orthologs and was thus labelled as an intrinsically disordered region (IDR). 

 Further evaluation using the intrinsic disorder prediction tool, IUPRED2, 

supported the findings from InterPro and confirmed the presence of an intrinsically 

disordered region within the same stretch. IUPRED2 predicted a score above 0.5 for the 

amino acid residues in this region, indicating intrinsic disorder (Chee et al., 1990; 

Meszaros et al., 2018; Erdos and Dosztanyi, 2020; Necci et al., 2021; Blum et al., 2024; 

Piovesan et al., 2024; The UniProt Consortium, 2024). 

 

4.2.2 Design and cloning of construct without intrinsic disordered region 

 Long intrinsically disordered regions (IDRs) are generally detrimental to protein 

crystallization [Deller et al., 2015; Kojima et al., 2024]. Correlation between sequence 

analysis and published experimental structures of alkaline nuclease orthologs from 

Kaposi’s sarcoma-associated herpesvirus (KSHV) Shutoff exonuclease (SOX) – PDB: 3POV, 

3FHD, and 5HSW – and Epstein-Barr virus (EBV) alkaline exonuclease – PDB: 2W45 and 

2W4B – revealed that the IDR is unlikely to influence or affect the remaining structural 

features of pUL98. Sequence and structural analyses further suggested that deleting the 

non-conserved region (NCR) might not compromise the integrity of the rest of the 

structure. 

 

Table 4.2: Detailed overview of pUL98 constructs designed at the beginning of the project 
Construct 
identifiers 

Details Description 

Cons.1 N-His-TEV-UL98(aa1-aa584)-C Wild type 

Cons.2 N-His-TEV-UL98(aa1-aa584 [Δ88-

119, §382-442:GGGS]-C 

Intrinsically disordered region 

substituted with linker ‘GGGS’ and the 

non-conserved region is deleted 

Cons.3 N-His-TEV-UL98(aa1-aa584 [Δ88-

119, Δ379-417, Δ431-446]-C 

Intrinsically disordered region 

substituted with 14 residues from the 

middle of itself and the non-conserved 

region is deleted 

Cons.1g N-His-TEV-UL98(aa1-aa584)[§382-

442:GGGS]-C 

Only the intrinsic disordered region is 

deleted 

Cons.4 N-MBP-UL98(aa157-aa584)[§382-

442:GGGS]-TEV-mNeonGreen-6xHis-

C 

Maltose-binding protein (MBP) fusion at 

amino terminus of truncated UL98 gene 

without IDR with mNeonGreen 

fluorescent protein at carboxy terminus.  

* Δ – Deletion, § - Substitution 

 

 Consequently, five gene constructs of pUL98 were initially generated for 

recombinant expression in Escherichia coli (E. coli). Constructs 1, 2, and 3 were originally 

designed by Dr. Louisa Stro h. The details of these constructs are provided in Table 4.2. 

Synthetic genes for constructs 1, 2, and 3 were already available at the beginning of this 

project. The initial construct contained a thrombin cleavage site, which I substituted with 

a Tobacco Etch Virus (TEV) protease cleavage site using primers Thr2Tev_98 (forward and 

reverse) listed in Table 3.3, following the procedure described in Section 3.9 with an 

annealing temperature of 58°C. Initially, only constructs 1, 2, and 3 were cloned. 
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 As the project progressed, additional constructs were deemed necessary due to 

reasons outlined in subsequent subsections, prompting cloning of the remaining 

constructs described in Table 4.2. Construct 1g was cloned via substitution PCR using 

primers 98_IDR, following the method outlined in Section 3.9 at an annealing temperature 

of 56°C. Construct 4 was cloned using a restriction-free (RF) cloning strategy in two steps: 

first, cloning the UL98 construct 1g gene into a plasmid containing the gene for 

mNeonGreen using primers 98_mNeon, and subsequently cloning the UL98 gene with 

mNeon into a vector containing MBP using primers 98_mbp, as described in Section 3.8. 

 The plasmids were introduced into DH5ɑ competent cells following the procedure 

in Section 3.6, and isolated as described in Section 3.7. They were then sent for sequencing 

to confirm successful cloning, using the Sanger sequencing method outsourced to LGC 

Genomics. The sequencing results were analyzed using the sequence analysis tool 

Benchling.com and confirmed that the constructs were correct. 

 

4.2.3 Expression of pUL98 in E.coli 

 pUL98 constructs 1, 2, 3, and 4 were transformed into Rosetta2(DE3)pLysS cells 

following the procedure outlined in Section 3.6. The expression of these constructs was 

carried out as described in Section 3.12 using kanamycin at a final concentration of 50 

μg/mL. The expression parameters mentioned in Section 3.12 were optimized after 

multiple trials involving variations in temperature, incubation time post-induction, 

induction optical density (OD), and IPTG concentration. Expression induced with 1 mM 

IPTG at 0.8 OD of the culture, followed by incubation in shaker incubator at 18ᴼC for 16 

hours.  

 pUL98 construct 1g was transformed into Lemo21(DE3) cells following the 

method in Section 3.6 and expressed as detailed in Section 3.13. Expression was 

conducted using ZYP5052 autoinduction media supplemented with kanamycin (50 

μg/mL). 

 ZYP-5052 autoinduction media is designed to automatically induce recombinant 

protein expression in E. coli without the need for IPTG. It works through diauxic growth, 

where bacteria first consume glucose for rapid growth, then switch to lactose metabolism, 

which activates the lac promoter and induces protein expression. This method allows for 

high protein yields without requiring constant monitoring 

 

4.2.4 Affinity purification of pUL98 

 All constructs of pUL98 were designed with a poly-histidine affinity tag at the 

amino terminus. After expression, the cell pellets were lysed as described in Section 3.18, 

using the buffer 98_lysis1 (refer to Table 3.8), and purified through Ni-affinity 

chromatography following the protocol outlined in Section 3.20. The purification process 

utilized buffers 98_lysis1, 98_wash1, and 98_elution1, as listed in Table 3.8. 

 In addition to the wash step described in Section 3.18, a urea wash was performed 

using buffer 98_urea (60 mL) to remove impurities bound to the protein after the loading 

step. Elution was carried out using a gradient, up to 100% 98_elution1 buffer and 

98_wash1 buffer. Following Ni-affinity chromatography, the protein underwent 

polyhistidine tag cleavage using TEV protease, as detailed in Section 3.34. Figure 4.2.3 

shows nickel affinity chromatography and SDS-PAGE gel for pUL98 cons.1 protein. 
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4.2.5 Dimerization equilibrium of pUL98 protein 

 The affinity-tag-free protein solutions were concentrated to 10 mL at a 

concentration of 1 mg/mL and injected into SEC using a Superdex 200 26/600 column, as 

described in Section 3.22, with 98_sec buffer (refer to Table 3.8). 

 The optimized purification buffer compositions were determined after multiple 

trials of soluble protein purification. For constructs 2 and 3, a single peak was observed in 

the SEC chromatogram, corresponding to a molecular weight greater than 600 kDa when 

compared with standards. For constructs 1, 1g, and 4, three major peaks were observed 

in the SEC chromatogram. Based on the column calibration data, the first peak was 

determined to have a molecular weight exceeding 600 kDa, while the second and third 

peaks represented the dimer and monomer populations of pUL98, respectively. Figure 

4.2.4 (A and B) illustrates the SEC chromatogram for the pUL98 construct 1 protein 

(molecular weight: 67 kDa) containing three peaks, along with the SDS-PAGE gel where 

pUL98 construct 1 protein was analyzed. 

 The area under the curve for the second and third peaks varied across all 

constructs and between different batches of the same pUL98 construct (results not 

shown). Attempts to disrupt dimerization by increasing salt concentrations and using 

detergents were unsuccessful. When the protein sample was injected at concentrations 

higher than 1 mg/mL into SEC, the dimer population increased relative to the monomer 

population. The molecular weights of the protein populations in the monomer and dimer 

peaks were confirmed using SEC-MALS (refer to Figure 4.2.4–C). SEC-MALS also revealed 

that, at an injection concentration of 4 mg/mL, the proportion of the dimer population  

was significantly higher than that of the monomer population. Protein injection into SEC-

MALS was performed following the procedure described in Section 3.33. 

 Table 4.3 presents the protein yield obtained from 1 liter of culture. 

 

 

 

 

 

 

B 

pUL98 

Figure 4.2.3: Nickel affinity chromatogram and SDS-PAGE Gel for pUL98 Cons.1 protein  
Panel (A) shows Nickel affinity chromatogram for pUL98 cons.1 protein. Panel (B) 15% SDS-

PAGE Gel loaded with fractions from nickel affinity chromatography.   
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Table 4.3 Yield of protein constructs of pUL98 (monomer) 

Constructs Yield from 1L of culture 

Cons.1 0.4mg 

Cons.2 0.25mg 

Cons.3 0.25mg 

Cons.1g 0.4mg 

Cons.4 0.4mg 

pUL98 

cons.1 

Dimer 

Monomer 

1C5 – 1D4 1D5 – 1E5 

Figure 4.2.4: SEC chromatogram and SDS-PAGE Gel for pUL98 Cons.1 protein  
Panel (A) shows SEC chromatogram with aggregate, monomer and dimer populations of pUL98 
cons.1. Panel (B) 15% SDS-PAGE Gel loaded with fractions from both monomer and dimer 
peaks. Panel (C) shows chromatogram and molar mass for two peaks (monomer and dimer) 
from SEC-MALS with their corresponding molecular weight.  
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4.2.6 NCR deletion impacts pUL98 protein folding but not enzymatic 

activity 

 As described in Section 4.2.5, constructs 2 and 3 exhibited a single peak at a 

volume corresponding to a molecular weight greater than 600 kDa, based on calibration 

standards from the chromatogram. The protein from construct 3 was analyzed using SEC-

MALS, following the procedure outlined in Section 3.33. The results showed two peaks, 

with the molecular weight of the first peak determined to be 1.7 MDa and the second peak 

measured at 837 kDa (refer to Figure 4.2.5). Additionally, the second peak accounted for 

more than 90% of the total protein. 

 A low-resolution X-ray diffraction study revealed the presence of a large ring-

shaped GroEL complex (data not shown), which correlates with the observed molecular 

weight of 837 kDa in SEC-MALS. However, the protein was found to retain enzymatic 

activity in a fluorescence-based assay (conducted through collaboration; data not shown). 

The co-purification of GroEL chaperone protein with the enzymatically active pUL98 

construct 3 suggests that, while retaining enzymatic activity (despite potential changes in 

the activity rate), the protein was either partially or improperly folded and is thus 

associated with the GroEL chaperone. 

 Constructs 2 and 3 are highly similar, differing only in the linker sequence used to 

replace the IDR. Based on these observations, it is reasonable to hypothesize that the 

deletion of the NCR negatively impacts protein folding. However, neither the deletion of 

the NCR nor the deletion of the IDR entirely abolishes the enzymatic activity of pUL98. 

 

 

 

4.2.7 The IDR is not essential for dimerization 

 To estimate the molecular weight of two peaks from SEC run with protein pUL98 

cons.1g, the sample was injected into SEC-MALS as described in section 3.33. The result 
(see figure 4.2.6 - A) revealed monomer dimer equilibrium (similar to the results 

described in section 4.2.5).  Although the dimer population was less in proportion 

compared to monomer population, the presence of dimer population suggests that the 

IDR is not essential for dimerization of pUL98. This was further confirmed with dynamic 

light scattering (DLS) experiment with sample at 10 mg/mL concentration where the 

radius distribution plot revealed the hydrodynamic radius of 4.89 nm corresponding to 

molecular weight of 129kDa suggesting that the majority of the population are dimers at 

this concentration and that the pUL98 construct without IDR forms dimers.  

Peak2 

837kDa 

Peak1 

1.7MDa 

A 

Figure 4.2.5: SEC-MALS analysis of pUL98 cons.3 

Panel (A) presents the results from Size exclusion chromatography coupled with Multi-Angle Light 

Scattering (SEC-MALS) for the pUL98 cons.3 protein. 
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4.2.8 Crystallization of pUL98 

 Extensive crystallization trials were conducted for pUL98 constructs 1, 1g, and 4. 

Protein concentrations ranging from 2 mg/mL to 19 mg/mL were tested, along with 

heterologous random microseed matrix screening (rMMS) using seeds from lysozyme 

crystals at various dilutions and different buffer conditions. These trials primarily utilized 

the sitting-drop vapor diffusion crystallization technique. Commercial crystallization 

screens from Jena Biosciences were employed to identify potential conditions for crystal 

formation.  

 Despite all these efforts, no diffraction-quality crystals were obtained for any of 

the three constructs. 

 

4.2.9 Thermal shift assay to determine pUL98 stability with oligos 

 Attempts to crystallize pUL98 constructs 1, 1g and 4 were not successful. As an 

alternative approach, co-crystallization of pUL98 with DNA oligonucleotides was 

B 

Figure 4.2.6: Analysis of pUL98 cons.1g using SEC-MALS and DLS 

Panel (A) presents the SEC-MALS result for pUL98 cons.1g, showcasing two distinct peaks for 

monomer and dimer populations. Panel (B) is the autocorrelation function for the DLS raw data. 

Panel (C) is the radius distribution plot showing the distribution of hydrodynamic radius over 

time.  
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attempted, since oligonucleotides are substrates of nucleases. To screen for 

oligonucleotides that bind to and stabilise pUL98, thermal shift assay was performed for 

pUL98 protein in the presence of oligonucleotides. Two pairs of oligonucleotides were 

designed (refer to Table 4.4), with the oligonucleotides in each pair being complementary 

to one another. All four single-stranded oligonucleotides and two double-stranded 

oligonucleotides were incubated with pUL98 construct 1 protein in the presence of 2 mM 

MgCl2 at a 1:1 ratio (3 μM each) in a total volume of 28.8 μL for 1 hour.  

 A thermal shift assay was performed as detailed in Section 3.30, and the resulting 

melting temperatures for each oligonucleotide were plotted in Figure 4.2.7. The melting 

temperature of pUL98 construct 1 protein alone with 2 mM MgCl2 was recorded as 48°C. 

The results indicated that samples with double-stranded oligonucleotides exhibited a 

melting temperature at least 2°C higher than their corresponding single-stranded 

oligonucleotides. Furthermore, the single-stranded oligonucleotides displayed a 

minimum increase of 2°C in melting temperature. 

 However, this experiment did not account for factors such as the duration required 

for oligonucleotides to be cleaved by pUL98, if cleavage would occur. 

 

 

 

4.2.10 Co-crystallization of pUL98 cons.1 with oligo6 

 The thermal shift assay of pUL98 construct 1 with oligo6 revealed an increase in 

melting temperature by 7.5°C compared to pUL98 alone. This finding prompted me to 

attempt co-crystallization of pUL98 with oligo6 and MgCl2. A concentration of 75 μM 

oligo6 was incubated with 75 μM pUL98 (5 mg/mL) for 30 minutes before setting up 

sitting-drop vapor diffusion crystallization plates. Commercial screens from Jena 

Biosciences were employed to identify potential crystallization conditions. Crystals were 

obtained under the condition: 40% MPD, 100 mM Tris (pH 8.5), and 200 mM NH4Cl. 

Table 4.4 List of single stranded oligos tested against pUL98 

Oligo no. Sequence (5’ to 3’) 
1 GGGGATCCTCCCAGTCGACC 
2 GGTCGACTAGGAGGATCCCC 

4 CTACGAGATCAAGTGCCGCTAC 

5 GTAGCGGCACTTAATCTCGTAG 

Figure 4.2.7: Melting temperature of pUL98 cons.1 in complex with different 
oligonucleotides 
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However, these crystals failed to diffract at both low and high oscillations. Extensive 

optimization efforts yielded crystals of similar morphology (refer to Figure 4.2.8), but they 

did not diffract X-rays in an X-ray diffraction experiment. Consequently, the strategy was 

shifted to using crystallization chaperones. 

 

4.2.11 In-situ proteolysis crystallization of pUL98 

 The in-situ proteolysis crystallization method involves adding trace amounts of 

proteases to the protein drop during crystallization. This approach aims to cleave flexible 

regions of the protein using suitable proteases [Dong et al., 2007]. To identify a suitable 

protease for in situ proteolysis crystallization, I tested five different proteases for limited 

proteolysis of pUL98 construct 1 protein, aiming to identify a stable domain resistant to 

trace amounts of proteases. The testing was performed using SDS-PAGE, following the 

protocol described in Section 3.31, with the proteases thermolysin, proteinase K, 

streptomyces protease, licheniformis protease, and papain. 

 Figure 4.2.9 displays the SDS-PAGE gel results, revealing two intense bands after 

digestion with thermolysin at concentrations below 0.01 mg/mL. In contrast, the other 

proteases produced multiple bands of relatively similar intensities, suggesting that 

thermolysin partially digests pUL98 construct 1 while yielding two stable domains at the 

tested concentration. This observation was made after 1 hour of incubation. The expected 

outcome was one intense band in the SDS-PAGE gel, representing a single stable domain. 

 

Figure 4.2.8: Crystal hits for pUL98 cons.1 with oligo2 at 40% MPD, 100mM Tris pH8.5, 

200mM NH4Cl  

1     M   2     3     4      5     6 

55 

35 

25 

15 

70 

1 – pUL98 Cons.1 undigested 

2 – pUL98 Cons.1 Digested with Thermolysin 

3 – pUL98 Cons.1 Digested with Proteinase K 

4 – pUL98 Cons.1 Digested with Griseus 

5 – pUL98 Cons.1 Digested with Licheniformis 

6 – pUL98  Cons.1 Digested with Papain 

Figure 4.2.9: Identification of stable domains in pUL98 cons.1 protein through limited 

proteolysis with various proteases.  Bands corresponding to stable pUL98 domains are 

highlighted with a red box 
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 Despite the presence of two bands in after digestion in SDS-PAGE gel, thermolysin 

at final concentrations of 0.1 mg/mL and 0.05 mg/mL was added to pUL98 construct 1 

protein (at a concentration of 12 mg/mL) in crystallization screening using sparse matrix 

crystallization screens from Jena Biosciences. Unfortunately, these attempts did not result 

in the formation of crystals. 

 

4.2.12 Surface lysine methylation 

 Methylation of the primary amine group of lysine side chains has been shown to 

rescue crystallization in certain cases [Walter et al., 2006; Sledz et al., 2010]. pUL98 

construct 1 protein was methylated following the protocol detailed in Section 3.32. The 

methylated pUL98 construct 1 protein was then concentrated and subjected to 

crystallization trials at various concentrations. However, no crystals were obtained from 

these attempts. 
 

4.2.13 Biotinylation of pUL98 

 pUL98 construct 1 protein was biotinylated following the protocol outlined in 

Section 3.24, using 700 μL of 1.959 mg/mL protein solution and 27.4 μL of 20 mM EZ-Link 

NHS-PEG4-Biotin. 

 The extent of biotinylation was estimated using the HABA assay, as described in 

Section 3.25. It was determined that 1.8 moles of biotin were present per mole of protein, 

resulting in a biotin-to-protein ratio of 1.8:1. The biotinylated pUL98 construct 1 protein 

was prepared for use in the screening of sybodies against pUL98. 

 

 4.2.14 Screening of sybodies against pUL98 

 Following unsuccessful attempts at crystallization of the pUL98 protein, sybodies 

were screened against pUL98 to serve as crystallization chaperones and enhance its 

crystallization. Sybodies are synthetic nanobodies, originally described in 2018 by 

Zimmerman et al. Nanobodies are variable heavy-chain-only (VHH) domains derived from 

special heavy-chain-only antibodies found in camelids and certain shark species [Feng et 

al., 2025; Jin et al., 2023]. The traditional method of generating nanobodies involves 

immunizing camelids with the target protein, followed by extracting B-cells encoding 

heavy-chain-only antibodies [Pardon et al., 2014]. This approach is both time-consuming 

and expensive. 

 To overcome these challenges, the Seeger lab developed a platform for screening 

synthetic nanobodies, termed sybodies, from synthetically generated mRNA libraries 

consisting of 10¹² nanobodies. This platform significantly reduces the timeline for 

generating sybodies to just 4 weeks [Zimmerman et al., 2018]. 

 I received training from Dr. Ta nia Custodio in Dr. Christian Lo w's lab on this 

platform for screening sybodies against pUL98. Screening was conducted as described in 

Section 3.26, using three libraries of sybodies (concave, loop, and convex). Following 

ELISA screening, 14, 12, and 10 sybodies were shortlisted from the concave, loop, and 

convex libraries, respectively, for analysis in a Sepax SRT-C SEC100 column (7.8 mm x 300 

mm, catalogue no. 215100-7830 from Sephax Technologies). Monomeric sybodies eluted 

at 7 mL, while oligomeric sybodies eluted earlier. SEC runs identified 23 out of 36 sybodies 

to be monomeric. 

 Single-point kinetic data were measured to determine koff values for interactions 

between sybodies and pUL98 construct 1 protein, as detailed in Section 3.27. The eight 
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sybodies with the lowest koff values were shortlisted (refer to Table 4.5). A summary of 

sybody enrichment during the screening process is provided in Table 4.6. Sybodies with 

single-point apparent KD values of less than 100 nM were successfully obtained during 

the screening process.  

 

 

 

 

 

 

 

 

 

Table 4.5 Single-point binding kinetics for sybodies and pUL98 interaction 

SYBODY 

NO 

REFERENCE LIBRARY kOFF 

(1/S) 

kON 

(1/MS) 

KD 

(nM) 

9 SE1 Small 3.212 204700 15.69 

10 SE11 Small 2.082 84010 24.78 

11 SF2 Small 0.1129 216000 0.5225 

14 SH1 Small 1.466 183200 8.004 

19 MC12 Medium 9.574 121300 78.91 

22 MF2 Medium 9.058 103600 87.47 

30 LH7 Long 9.251 132800 69.64 

31 LH8 Long 0.007988 11550 0.6913 

Table 4.6 Summary of sybody selection against pUL98 

Description 
Concave 

(or 
small) 

Loop 
(or 

medium) 

Convex 
(or 

Long) 

Enrichment after phage display round 1 6.8 4.3 3.3 

Enrichment after phage display round 2 448.4 115.7 306.7 

No. of positive ELISA Hits (>1.5 fold signal over control) out 
of total no. of sybodies analysed 

89/93 84/93 54/93 

No. of sybodies with unique sequence of CDRs out of total 
no of sybodies sequenced 

14/14 9/12 9/10 

No. of monomeric sybodies identified using analytical size 
exclusion chromatography (Sepax 10 column) out of total 
no. of sybodies analyzed 

11/14 4/9 8/9 

No. of sybodies that are shortlisted based on single point 
kinetic data from bio-layer interferometry (BLI) out of total 
no. of monomeric sybodies 

4/11 2/4 2/8 

No. of unique antigenic regions that sybodies from each 
library bind to, based on cross-competition assay 
performed using BLI, out of total no. of sybodies shortlisted 
from each library 

1/4 1/2 2/2 
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4.2.15 Expression and purification of sybodies 

 Sybodies were expressed as detailed in Section 3.35. The resulting cell pellet was 

resuspended in sybody_lysis buffer and lysed using a sonicator, as described in Section 

3.18. Ni-affinity chromatography was performed on the lysate following the procedure 

outlined in Section 3.20, using sybody_lysis, sybody_wash, and sybody_elution buffers. 

Elution from the HisTrap FF column was conducted as a gradient, with imidazole 

concentrations increasing up to 100%. The eluted sybodies were concentrated to a final 

volume of 10 mL and subsequently injected into a SEC Superdex 75 26/600 column, as 

described in Section 3.22. The sybodies eluted at a volume of approximately 200 mL. 

Figure 4.2.10 shows ninta chromatogram, SEC chromatogram and SDS-PAGE gel loaded 

with protein from peak fraction of the SEC.  

 

 

4.2.16 Cross-competition assay to categorise sybodies binding non-

overlapping antigenic regions of pUL98 

 A cross-competition assay was performed using Biolayer Interferometry (BLI) to 
identify sybodies that recognize and bind to non-overlapping antigenic regions of the 

pUL98 protein. The assay revealed four distinct non-overlapping antigenic regions, each 

recognized and bound by one of the eight shortlisted sybodies. Based on their binding 

specificity to these antigenic regions, the sybodies were categorized and binned (refer to 

Table 4.7). 

 During the screening process, each sybody's ability to bind the target protein in 

the presence of other sybodies was assessed, allowing the determination of unique 

25 

15 
Syb 31 

Figure 4.2.10: Nickel affinity chromatogram, SEC chromatogram and SDS-PAGE Gel for 
Sybody 31 that bind to pUL98 

Panel (A) shows Nickel affinity chromatogram for Sybody 31 protein. Panel (B) shows SEC 
chromatogram for Sybody 31 protein. Panel (B) 15% SDS-PAGE Gel loaded with a fraction from 
SEC. 

A 

B 
C 
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binding sites. This procedure was conducted following the method described in Section 

3.28. 

 

 

 

 

 

 

 

4.2.17 Sybodies binding pUL98 cons.1g 

 Sybody screening was initially performed with pUL98 construct 1 (wild-type 

protein). To identify sybodies that bind to pUL98 construct 1g, the pUL98 construct 1g 

protein was incubated with sybodies 9, 19, 30, and 31 (one sybody from each group 

identified in Section 4.2.15) at a 1:2 molar ratio of protein to sybodies. The mixture was 

injected into a Superdex 200 Increase 10/300 GL column, following the procedure 

described in Section 3.23. The eluted proteins were then analyzed on a 15% SDS-PAGE gel 

(refer to Figure 4.2.11–B). 

Table 4.7 Sybodies grouped based on binding to unique non-overlapping 
antigenic regions of pUL98 

Group A Group B Group C Group D 

9 19 30 31 

10 22 
  

11 
   

14 
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 In the SEC chromatogram (Figure 4.2.11–A), peaks corresponding to pUL98 

complexes with sybodies 9, 30, and 31 were observed between 14 mL and 14.3 mL, 

whereas peaks corresponding to pUL98 construct 1g alone and in the presence of sybody 

19 eluted at 15 mL. This indicates that sybody 19 did not bind to pUL98 construct 1g. This 

observation was further confirmed by the SDS-PAGE gel (Figure 4.2.11–B), where the lane 

corresponding to pUL98 and sybody 19 did not display a band for sybody 19, while lanes 

for the other peaks showed sybody bands. 

 The key difference between constructs 1 and 1g is the substitution of the IDR with 

a GGGS linker in construct 1g. The observation that sybody 19 binds to construct 1 but not 

to construct 1g suggests that sybody 19's binding to pUL98 is dependent on the presence 

of the IDR. 

 

Figure 4.2.11: SEC chromatogram and SDS-PAGE Gel for pUL98 Cons.1 protein in 

complex with sybodies 
Panel (A) shows overly of SEC chromatograms of pUL98 cons.1 with sybodies 9, 19, 30, 31 

and pUL98 cons.1g alone. Panel (B) shows the SDS-PAGE gel with proteins from all the 
peaks from chromatogram shown in panel (A). 
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4.2.18 Co-crystallization of pUL98 cons.1 and cons.1g with sybodies 
 pUL98-sybody complexes were formed by incubating pUL98 with sybodies at a 

1:2 molar ratio for 12 hours at 4°C. The solutions were then injected into a Superdex 200 

Increase 10/300 GL column, as described in Section 3.23, using 98_sec buffer. The eluted 

pUL98-sybody complexes were analyzed via SDS-PAGE to confirm the presence of both 

components of the complex. The complexes were then concentrated to the required 

concentrations (4.5 mg/mL and 9 mg/mL). 

 Co-crystallization was attempted for pUL98 construct 1 with sybodies 9, 19, 30, 

and 31, and for pUL98 construct 1g with sybodies 9, 30, and 31. These experiments were 

carried out using sparse matrix screens from Jena Biosciences in sitting-drop vapor 

diffusion crystallization plates at the two concentrations mentioned above. 

 Co-crystallization trials were also conducted for pUL98 constructs 1 and 1g in 

combination with two sybodies. However, both strategies failed to yield diffraction-quality 

crystals, with visible aggregation observed in the crystallization drops. Additional trials 

using different concentrations of the complexes were also attempted but were similarly 

unsuccessful. 

 

4.2.19 Expression and purification of megabodies  

 Following the unsuccessful attempts to obtain co-crystals of pUL98 in complex 

with sybodies, it was hypothesized that a larger crystallization chaperone might enhance 

the crystallizability of pUL98 constructs 1 and 1g. As a result, megabodies were 

engineered using the existing sybodies as crystallization chaperones. 

 Megabodies represent a novel class of nanobody-fused chimeric molecules 

designed to address challenges in cryo-electron microscopy (cryo-EM), particularly for 

small and difficult particles, and are also applicable as crystallization chaperones. These 

molecules are created by grafting single-domain antigen-binding constructs such as 

nanobodies (~15 kDa) or monobodies (~10 kDa) onto larger scaffold proteins like HopQ 

(a β-turn between S3–S4 of the adhesin domain of Helicobacter pylori, 45 kDa) and YgjK 

(a β-turn between A’S1–A’S2 of glucosidase from E. coli, 86 kDa). The resulting 

megabodies form stable, rigid, and efficiently folding monomeric chimeras [Uchanski et 

al., 2021]. The structures of megabody scaffolds fused with an anti-GFP nanobody (anti - 

Green Fluorescent Protein) have been solved using X-ray crystallography (PDB: 5LP2 and 

3W7T). 

 Synthetic gene fragments for both HopQ and YgjK scaffolds fused to a template 

sybody were ordered from Twist Biosciences. These gene fragments were cloned into the 

pSBinit plasmid under the araBAD promoter with the pelB signal peptide using RF 

cloning, as described in Section 3.8. Primer pairs mbs_psb were used to clone HopQ, while 

mbl_psb were used to clone YgjK. These cloned plasmids served as base plasmids for 

cloning other sybodies onto them. Sybodies against pUL98 were cloned into the megabody 

base plasmids using RF cloning, as detailed in Section 3.8, with syb_mbs primers. All 

cloned plasmids were confirmed via Sanger sequencing (outsourced to LGC Genomics). 

 Megabodies were expressed in the periplasm of MC1061 cells following the 

protocol described in Section 3.35. The resulting cell pellet was lysed using sybody_lysis 

buffer, as outlined in Section 3.18. The lysate was purified by Ni-affinity chromatography 

using sybody_wash and sybody_elution buffers, with elution performed as a gradient up 

to 100% starting from 40 mM. 
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 The protein eluted from the HisTrap column during Ni-affinity chromatography 

was concentrated and injected into SEC using a Superdex 75 26/600 column, as described 

in Section 3.22, with sybody_sec buffer. Initial purification revealed that the yield of the 

megabody YgjK protein was approximately 600 μg from a 3-liter culture, while the yield 

of the megabody HopQ protein was approximately 30 mg from the same 3-liter culture. 

Based on these results, the HopQ megabody scaffold was selected for the expression of 

additional megabodies fused with sybodies against pUL98. Figure 4.2.12 shows nickel 

affinity chromatogram, SEC chromatogram and SDS-PAGE gel for megabody_small 

(HopQ)_sybody 30 (Mbs_30) 

 

 

4.2.20 Megabodies as crystallization chaperone.  

 A 1:2 molar ratio of pUL98 constructs 1 and 1g to megabodies with sybodies 9, 19, 

30, and 31 was incubated in a 10 mL solution for 12 hours at 4°C. The solutions were then 

injected into a Superdex 200 26/600 SEC column, as described in Section 3.22, using 

98_sec buffer. The eluted proteins were concentrated to the required concentrations to set 

up sitting-drop vapor diffusion crystallization plates. Each drop contained 0.15 μL of 

protein and 0.15 μL of reservoir solution from sparse matrix reservoir solutions provided 

by Jena Biosciences, using a Gryphon instrument. Crystallization trials were conducted at 

two different concentrations for the four megabodies (HopQ megabodies with four 

distinct sybodies) and the two pUL98 constructs (constructs 1 and 1g). Despite these 

efforts, no diffraction-quality crystals were obtained. Figure 4.2.13 shows the final SEC 

chromatogram and SDS-PAGE gel for pUL98 cons.1 and Mbs_30 complex.  

C 

70 

55 
Mbs_30 

Figure 4.2.12: Nickel affinity chromatogram, SEC chromatogram and SDS-PAGE Gel for 
megabody_small (HopQ)_Sybody 30 (Mbs_30) that bind to pUL98 

Panel (A) shows Nickel affinity chromatogram for Mbs_30 protein. Panel (B) shows SEC 
chromatogram for Mbs_30 protein. Panel (C) 15% SDS-PAGE Gel loaded with a fraction from 

SEC. 

A 

B 
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4.2.21 Megabody pUL98 cons.1 complex for cryo-electron microscopy single 

particle analysis (cryoEM SPA) 

 Megabody scaffolds are versatile and can be used in cryoEM single-particle 

analysis (SPA) to form complexes with target proteins that are too small for cryoEM SPA 

on their own. In this case, the molar mass of pUL98 construct 1 is 67 kDa, which, although 

theoretically sufficient for SPA, is practically challenging for structural determination. As 
a solution, the megabody_sybody30 complex was utilized for cryoEM SPA. 

 The complex was prepared following the procedure described in Section 4.2.19 

(similar to the preparation for crystallization), with adjustments to the protein 

concentration and the column used. For cryoEM SPA, the sample, at a concentration of ~1 

mg/mL, was injected into a Superdex 200 Increase 10/300 GL SEC column, as outlined in 

Section 3.23, using 98_mbs_sec buffer. The eluted protein was collected in fractions of 100 

μL. The fraction corresponding to the midpoint of the peak, with a concentration of 0.17 

mg/mL as observed in the chromatogram, was immediately used for vitrification and grid 

preparation. 

 Dr. Guido Hansen vitrified the sample onto grids using a Vitrobot Mark IV plunge 

freezer and collected data using the Talos Arctica cryoEM. (The sample vitrification and 

data collection process are not described here.) 

  

4.2.22 CryoEM image processing 

 CryoSPARC was utilized for image processing of the cryoEM SPA dataset. A total of 

3,531 movies were collected with an electron exposure of 30 e-/A ² and a pixel size of 0.94 

A . The dataset was preprocessed using patch motion correction and patch contrast 

transfer function (CTF) correction jobs in CryoSPARC. Micrographs were manually 

curated to exclude those with a CTF fit greater than 5 A , resulting in 3,100 micrographs 

for particle picking.  

 A map of the pUL98 and megabody_sybody30 complex was generated in ChimeraX 

v1.7 using an AlphaFold2-predicted model of the complex as a template. Template-based 

particle picking in CryoSPARC, using this predicted model, identified over 3 million 

particles. These particles were classified in 2D space using a 2D classification job, followed 

Figure 4.2.13: SEC chromatogram and SDS-PAGE Gel for Megabody (Mbs_30)_pUL98 

Cons.1 complex 
Panel (A) shows SEC chromatogram for Megabody (Mbs_30)_pUL98 Cons.1 complex. Panel (B) 

15% SDS-PAGE Gel loaded with protein from a fraction from SEC. 
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by the selection of appropriate classes to run ab-initio reconstruction with 2.5 million 

particles, generating initial volumes. 

 The volumes generated from ab-initio reconstruction were further refined using 

five rounds of heterogeneous refinement, resulting in 259,600 particles in one class with 

a relatively better map. This class was subsequently refined using a homogeneous 

refinement job, yielding the final map with a Fourier Shell Correlation (FSC) of 0.143 at 

5.84 A  resolution (refer to Figure 4.2.14–E). 

 The structure of pUL98 in complex with megabody_sybody30 (refer to Figures 

4.2.14–C and D) was fitted to the refined map using ChimeraX. This fitting (refer to Figures 

4.2.14–A and B) demonstrated that the overall shape and volume closely matched the 

predicted structure. However, the map quality was insufficient to precisely fit secondary 

structures and lacked complete volume for the megabody. The conical Fourier shell area 

ratio of 0.37 indicated slight bias in particle orientation, and the orientation chart (refer 

to Figure 4.2.14–F and G) revealed significant particle misalignments. 

 Although these results are not sufficient for atomic-resolution reconstruction, 

they suggest that the structure of pUL98 in complex with megabody_sybody30 could 

potentially be resolved using cryoEM. Further optimization of sample preparation, grid 

vitrification, and data collection parameters is planned. 

 

 

 

 



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.14: Analysis of pUL98 in complex with megabody (HopQ)_sybody30 (Mbs_30) 
In this figure, Panel (A) shows the homogenous reconstruction cryo-EM map of pUL98 in 
complex with Megabody (HopQ)_sybody30 (Mbs_30) overlaid with the Alphafold2 multimer 
model of the pUL98_Mbs_30 complex. Panel (B) presents a 180° rotated projection of the cryo-
EM map fitted with Alphafold2 multimer model. Panel (C) displays the Alphafold2 multimer 
model of pUL98 and Mbs_30, with Panel (D) providing a 180° rotated projection. Panel (E)  
shows the gold-standard Fourier shell correlation (FSC) plot. Panel (F) presents the conical 
Fourier shell correlation plot with a conical Fourier area ratio of 0.37. Panel (G) shows 
orientation distribution.  
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4.3 Structural characterization of pUL94/pUL99 

 

4.3.1 Previous work performed on pUL94/pUL99 

 Dr. Giacomo Castoro, a colleague and alumnus of our lab, worked on the 

crystallization of pUL94/pUL99. When the 345 amino acids pUL94 protein was 

recombinantly expressed in E. coli, it aggregated and formed inclusion bodies. However, 

when expressed solubly in Schneider's 2 (S2) insect cells, biophysical characterization 

revealed that the protein still formed aggregates. 

 As described in Section 1.8.4, the N-terminal 60 amino acids of pUL99 are 

sufficient for its perceived function. Consequently, a peptide comprising amino acids 22 to 

47 of pUL99 was attempted for co-expression with pUL94. Co-expression of this peptide 

fused to mNeon Green fluorescent protein successfully mitigated aggregation, resulting in 

a monomeric form of pUL94 in solution. 

 Dr. Giacomo Castoro extensively attempted to crystallize the pUL94/pUL99 

complex, but without success. This prompted collaboration with Dr. Ta nia Custodio and 

Dr. Christian Lo w to screen for sybodies binding to the pUL94/pUL99 complex. Eight 

sybodies were shortlisted and subsequently tested in co-crystallization trials with 

pUL94/pUL99. Despite these extensive efforts, diffraction-quality crystals were not 

obtained. However, these attempts resulted in the successful crystallization of sybodies 

alone, with several sybody structures being resolved. 

 Predictive analysis using IUPRED2A suggests that amino acids 20 to 190 of pUL99 

are intrinsically disordered, while MobiDB predicts that this disordered region spans 

amino acids 27 to 190 (refer to Figure 4.3.1). Regions with IUPRED2 scores greater than 

0.5 indicate intrinsic disorder, implying a lack of fixed or ordered structure in these areas 

of the protein. This intrinsic disorder explains why co-expression of the wild-type pUL99 

protein was never attempted. 

 

 

 

 

4.3.2 Expression and purification of sybodies 

 Sybodies were expressed in Rosetta-Gami2(DE3) E. coli strain, as described in 

Section 3.12, using TB media. The harvested cell pellets were resuspended in sybody_lysis 

buffer and lysed using a sonicator, following the procedure outlined in Section 3.18. The 

lysates were purified through Ni-affinity chromatography, as detailed in Section 3.20, 

using sybody_wash and sybody_elution buffers. Elution from the HisTrap FF column was 

performed as a gradient, increasing imidazole concentrations from 30 mM to 500 mM.  

Table 4.8 pUL94 and pUL99 constructs 
Gene of interest Vector Description 
pUL94 (39kDa) pMT N-TwinStrep-EK-pUL94(aa1-aa345)-C 
pUL99 (30kDa) pMT N-10xHis-TEV-pUL99(aa22-aa47)-TEV-mNeonGreen-TwinStrep-C 

Figure 4.3.1: Bokeh plot of amino acid residues of pUL99 versus IUPred2 prediction score 
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 The eluted sybodies were subsequently injected into a Superdex 75 26/600 SEC 

column, as described in Section 3.22. The yield of sybodies varied, ranging from 1 mg/L 

to 7 mg/L of culture. 

 

4.3.3 Cross-competition assay  

 When I began my work, I reattempted co-crystallization of the pUL94/pUL99 
complex with different sybodies. However, these efforts were not fruitful. To enhance the 

chances of success, a cross-competition assay was performed to identify and group 

sybodies binding to non-overlapping antigenic regions on pUL94/pUL99, enabling co-

crystallization with multiple sybodies. The cross-competition assay was conducted using 

bio-layer interferometry (BLI), as outlined in Section 3.28. 

 

 

 In this assay, sybodies capable of binding simultaneously were considered to 

recognize distinct, non-overlapping antigenic regions. Based on sybody pairs that did not 

bind together, sybodies binding to unique non-overlapping antigenic regions were 

reverse-calculated. Figures 4.3.2 (A–E) display the sensograms for sybody pairs that bind 

simultaneously, while Figure 4.3.2 (F) represents a control in which sybody pairs bind 

together. In these sensograms, the association of the first sybody is observed from 240 to 

360 seconds, followed by the association of the second sybody from 360 to 480 seconds. 

 During the assay, one of the eight sybodies aggregated and was subsequently 

excluded from further testing. The assay identified three distinct antigenic regions to 

which the sybodies bind, as summarized in Table 4.9. 

Figure 4.3.2: Sensograms from BLI showing sybody pairs that does not interact together 

with pUL94/pUL99 complex 

Panel (A) shows that sybodies 25 and 27 do not bind simultaneously. Panel (B) reveals that 

sybodies 25 and 28 do not bind simultaneously, suggesting they recognize overlapping regions. 

Panel (C) demonstrates that sybodies 26 and 27 do not bind at the same time, Panel (D) indicates 

that sybodies 26 and 28 do not bind simultaneously. Panel (E) shows that sybodies 27 and 28 do 

not bind at the same time, Panel (F) shows that sybodies 27 and 29 can bind simultaneously and 

is a control to analyse other sensograms.  
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4.3.4 Expression and purification of pUL94/pUL99 in S2 cells  

 Expression of pUL94/pUL99 was carried out in S2 cells, as described in Section 

3.15. The resulting cell pellet was resuspended in 9499_lysis buffer and lysed by 

sonication, following the procedure outlined in Section 3.19. The lysate was purified using 

streptactin purification with streptactin_wash and streptactin_elution buffers. Batch 

elution was directly performed using 100% elution buffer. 

 The eluted protein underwent TEV protease digestion, as detailed in Section 3.34, 

to cleave the mNeonGreen fusion protein. It was then injected into a Superdex 75 26/600 

SEC column, as described in Section 3.22, using 9499_sec buffer. The protein eluted from 

SEC was treated with EK-Max (enterokinase enzyme) in a 1:20 weight-to-volume dilution, 

using 100 μg of pUL94/pUL99 mixed with 0.16 μL of enterokinase enzyme to remove the 

Twin Strep tag from the N-terminal end of pUL94. The solution was incubated at 27°C for 

12 hours without shaking and subsequently reinjected into the Superdex 75 26/600 SEC 

column with 9499_sec buffer. Figure 4.3.3 shows streptactin chromatogram, SEC 

chromatogram and SDS-PAGE gel for pUL94/pUL99 loaded with protein from SEC. 

 

 

Table 4.9  Sybodies grouped based on binding to unique non-overlapping 
antigenic regions of pUL94/pUL99 

Group A Group B Group C 

24 25 29  
26 

 

 
27 

 

 
28 

 

 31  

C 

55 

35 pUL94 

Figure 4.3.3: Streptactin chromatogram, SEC chromatogram and SDS-PAGE Gel for 
pUL94/pUL99 purification 

Panel (A) shows Streptactin chromatogram for pUL94/pUL99. Panel (B) shows SEC 
chromatogram for affinity tag cleaved pUL94/pUL99 protein. Panel (C) 15% SDS-PAGE Gel 

loaded with protein from a fraction from SEC. 
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4.3.5 Expression enrichment of pUL94/pUL99 in S2 cells using fluorescence-

activated cell sorting (FACS)  

 One of the bottlenecks in this work is the relatively low yield of protein. My 

colleague, Giacomo, utilized the conventional subculturing method to identify high-

yielding clones for pUL94. However, after the transfection of an S2 stable cell line 

harboring the gene for pUL94, identifying high-yielding clones became imperative. 

 

 

 To address this, the pUL99 peptide was fused to mNeonGreen at the carboxy 

terminus. Instead of employing the conventional subculturing method, fluorescence-

activated cell sorting (FACS) was used to sort high-expression clones based on the 

fluorescence emitted by mNeonGreen. After three days of expression, the cells were 

Figure 4.3.4: FACS sorting of S2 cells expressing pUL99-mNeonGreen with pUL94 

Panel (A) depicts un-induced cells serving as the negative control, showing no significant 

fluorescence in forward scattering. Panel (B) illustrates the sorting process of cells with a mean 

fluorescence intensity (MFU) higher than 10³. (C) shows the final quality check of sorted cells, 

confirming robust fluorescence in the enriched population.  
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subjected to FACS for enrichment. A blue laser with an excitation wavelength of 498 nm 

and an emission filter bandpass at 517 nm (Fluorescein isothiocyanate – FITC – setting) 

was employed to sort cells with a mean fluorescence intensity (MFI) exceeding 103 (refer 

to Figure 4.3.4). 

 Figure 4.3.4-A depicts the uninduced negative control, while Figure 4.3.4-B 

highlights the positive cells inside the rectangular box that were sorted, excluding the 

remaining cells. Figure 4.3.4-C displays the quality check plot of the sorted cells, showing 

the distribution of fluorescence intensities measured with the FITC-A forward scattering 

detector and SSC-A (side scatter area) detector. The sorted cells were subsequently 

revived, cultured, and used for further expression. FACS sorting resulted in a two-fold 

increase in the yield of pUL94/pUL99. 

 

4.3.6 Co-crystallization of pUL94/pUL99 with multiple sybody pairs 

 The pUL94/pUL99 protein was incubated with all combinations of sybody pairs 

at a 1:2 molar ratio of pUL94/pUL99 to each sybody at 4°C for 12 hours. After incubation, 

the mixtures were injected into a Superdex 200 26/600 SEC column, as detailed in Section 

3.22. The pUL94/pUL99-sybody complexes eluted from SEC were concentrated to final 

concentrations of 4 mg/mL, 7 mg/mL, and 12 mg/mL, and used to set up sitting-drop 

vapor diffusion crystallization plates. Despite these efforts, no diffraction-quality crystals 

were obtained. 

 

4.3.7 Cloning of pUL94 gene constructs for expression in E.coli 

 Following the unsuccessful attempts at crystallizing the pUL94/pUL99 complex 

thus far, two truncated gene constructs of pUL94 (constructs 8 and 6) were cloned into 

the pET vector for expression in E. coli. Construct 8 was cloned using the primer 94_382 

through RF cloning, while construct 6 was cloned using the primer 94_137 through 

insertion mutagenesis cloning, as described in Sections 3.8 and 3.9, respectively. Details 

of the constructs are provided in Table 4.10. 

 

4.3.8 Expression and purification of pUL94 cons.6 and cons.8 

 Constructs 6 and 8 of pUL94 were used to transform the BL21DE3 E. coli strain, 

as described in Section 3.6, and expressed in 3-liter cultures following the protocol 

outlined in Section 3.12. 

 

 The harvested cell pellet from construct 6 was lysed using sybody_lysis buffer by 

sonication, as described in Section 3.18. The lysate was purified via Ni-affinity 

chromatography (outlined in Section 3.20) using sybody_wash and sybody_elution 

buffers. The eluted protein was then injected into a Superdex 75 26/600 SEC column, 

following the method detailed in Section 3.22, using 94_sec buffer. The protein eluted from 

SEC exhibited impurities, as shown in the SDS-PAGE gel in Figure 4.3.5–A. Attempts to 

remove these impurities were unsuccessful. Furthermore, the yield of construct 6 was 300 

μg from the 3-liter culture. Despite this, one set of sitting-drop vapor diffusion 

Table 4.10 pUL94 truncated constructs 
Constructs Vector Description 
Cons.6 
(22.7kDa) 

pET N-pUL94(aa146-aa328)-TEV-6xHis-C 

Cons.8 
(24.8kDa) 

pET N-pUL94(aa137-aa328)-TEV-TwinStrep-C 
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crystallization screens was set up with construct 6 protein. However, this attempt did not 

result in the formation of crystals. 

 The harvested cell pellet from construct 8 was lysed using 9499_lysis buffer by 

sonication, as described in Section 3.18. The lysate was purified through streptactin 

purification (as described in Section 3.21) using streptactin_wash and streptactin_elution 

buffers. The protein eluted from the streptactin column also displayed impurities, as 

evident from the SDS-PAGE gel in Figure 4.3.5–B. Due to the high level of impurities, with 

pUL94 construct 8 making up only a small proportion of the total protein, this construct 

was not pursued further. 

 

 

4.3.9 Legobody scaffold to study pUL94/pUL99 through cryoEM SPA 

 Since pUL94/pUL99 proved intractable to crystallization in my hands, we decided 

to employ cryoEM single-particle analysis (SPA) for structural characterization of the 

complex. However, the size of pUL94/pUL99 (~41 kDa) posed a significant challenge for 

cryoEM at that time. To address this, it became imperative to use an interaction partner to 

increase the size of the complex. Since no interaction partners were known, we explored 

alternative scaffolds that could be engineered to bind pUL94/pUL99. 

 In 2021, Wu and Rapoport introduced nanobody-binding scaffolds termed 

Legobodies, designed to facilitate the structural characterization of small proteins (e.g., 

SARS-CoV-2 RBD and KDEL receptor) smaller than ~25 kDa via SPA. Legobodies are 

complex structures comprising maltose-binding protein (MBP) fused to domains C and D 

of protein A and protein G. These scaffolds incorporate Fab fragments that bind 

nanobodies, which, in turn, bind the target protein. The architecture of the Legobody 

complex—characterized by its rigid structure and distinct shape—not only increases the 

overall size of the target protein complex by approximately 120 kDa but also enhances 

particle alignment during image processing, making it suitable for cryoEM analysis. 

 For this work, plasmids were procured from Addgene: Fab_8D3_2 light chain (ID: 

176076), Fab_8D3_2 heavy chain (ID: 176075), and MBP_PrAG (ID: 176077). 

 

4.3.10 Cloning, expression and purification of Fab_8D3_2 and MBP_PrAG 

 Genes for the Fab_8D3_2 heavy and light chains were cloned into the pMT vector 

for secretory expression in S2 cells using the RF cloning method [Bond et al., 2022], as 

described in Section 3.8. The primers fabHC and fabLC, listed in Table 3.3, were utilized, 

with a Twin Strep tag added to the N-terminus of the heavy chain. 

pUL94 

Cons.6 

Figure 4.3.5: SDS-PAGE Gels with pUL94 cons.6 (A) and cons.8 (B) protein 
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 A stable S2 cell line containing plasmids for the secretory expression of Fab_8D3_2 

was generated, following the protocol detailed in Section 3.14. Expression of Fab_8D3_2 

was conducted as outlined in Section 3.16. The culture supernatant containing Fab_8D3_2 

was concentrated and prepared for purification, as described in Section 3.17. The 

concentrated supernatant was purified using streptactin purification (described in 

Section 3.21) with streptactin_wash and streptactin_elution buffers. The eluted protein 

was then concentrated to a volume of 10 mL and injected into a Superdex 75 26/600 SEC 

column, as described in Section 3.22, using 9499_sec buffer. 

 The plasmid for MBP_PrAG was directly used to transform the BL21(DE3) E. coli 

strain, as detailed in Section 3.6. Expression and purification of MBP_PrAG were 

performed by my colleague, Dr. Kumar Nagarathinam, following the protocols outlined in 

Sections 3.12, 3.20, and 3.22, using sybody_lysis, sybody_wash, sybody_elution, and 

9499_sec buffers.    

 

4.3.11 Assembly of a legobody 

 Proteins pUL94/pUL99, sybody, MBP_PrAG, and Fab_8D3_2, essential for 

preparing the legobody_pUL94/pUL99 complex, were expressed and purified individually 

(refer to Sections 4.3.3, 4.3.5, and 4.3.11). Optimization of the complex assembly process 

began with sybody 24, focusing on component concentrations, the order of addition, and 

incubation times to resolve challenges like asymmetric peaks during preparation and 

aggregation of the legobody complex at higher sybody concentrations (>2 mg/mL). 

Following optimization, legobody_pUL94/pUL99 complexes were successfully assembled 

with sybodies 28, 29, and 31. The finalized protocol involved incubating 2 mg of 

Fab_8D3_2 with 3 mg of MBP_PrAG in 10 mM D-maltose for 6 hours at 4°C on a rotating 

wheel, followed by the addition of 1 mg of sybody and further incubation for 12 hours. 

The solution was then loaded onto a 1 mL streptactin resin in a gravity-flow column 

equilibrated with strep_lego_wash buffer, which captured the legobody complex via the 

Twin Strep tag on Fab_8D3_2. After washing the resin with 10 mL of strep_lego_wash 

buffer, the legobody was eluted with 5 mL of strep_lego_elution buffer, concentrated, and 

quantified using a UV nano-spectrophotometer. To differentiate legobodies containing 

specific sybodies, the naming convention legobody_sybXX.  

 

4.3.12 Preparation of pUL94/pUL99 in complex with legobody  
 500 μg of legobody_syb24 added with 330 μg of pUL94/pUL99 to attain 1:2 molar 

ratio in the total volume of 700 μL and incubated for 12 hours at 4ᴼC in rotating wheel. 

This solution then injected into superdex 200 10/300 GL SEC column with 9499_sec 

buffer. Figure 4.3.6 shows SEC chromatogram and SDS-PAGE gel with 

legobody_pUL94/pUL99 protein loaded from SEC. 
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4.3.13 Screening of legobody_pUL94/pUL99 complexes with different 

sybodies 

 As outlined in Section 4.3.13, legobody assemblies were prepared with sybodies 
24, 28, 29, and 31. Legobody_pUL94/pUL99 complexes incorporating all four sybodies 

were vitrified and screened to identify the assemblies with the least aggregation and 

dissociation. Based on these screening results, as well as the grand average hydropathy 

index of the sybodies, the legobody_syb31_pUL94/pUL99 complex was selected for 

subsequent experiments. Dr. Guendalina Marini from Prof. Maya Topf's lab conducted the 

vitrification, screening, and cryo-EM data collection. 

 To summarize the vitrification and data collection process: sample vitrification for 

cryo-EM involves applying the sample to a specialized grid, which consists of a carbon film 

with circular holes supported by a metal mesh. Excess liquid is blotted to leave a thin 

sample film, and the grid is rapidly frozen in liquid ethane, forming vitreous ice that 

preserves the native structure of the sample. During data collection, the vitrified grids are 

loaded into a cryo-electron microscope, where regions of interest are identified, and high-

resolution movies are captured. The individual frames of these movies are 

computationally corrected for motion and merged into single micrographs for further 

analysis.  

 

4.3.14 PEGylation to reduce aggregation of pUL94/pUL99 on grids 

 Despite improvements in aggregation and dissociation on cryoEM grids with the 

legobody_syb31_pUL94/pUL99 complex, the sample remained suboptimal. To address 

this issue, and based on methods for enhancing sample quality in cryoEM SPA (Wu et al., 

2018; Zhang et al., 2021), pegylation was applied to the legobody_syb24_pUL94/pUL99 

complex. Pegylation involves attaching polyethylene glycol (PEG) polymers of varying 

lengths to the primary amine group of lysine side chains on the protein surface. This 

modification is known to reduce sample aggregation during vitrification. Following the 

protocol outlined by Wu et al., 2018, legobody_syb24_pUL94/pUL99 was pegylated with 

a 40-fold molar excess of Methyl-PEG12-NHS and incubated for 12 minutes on ice. The 

reaction was stopped by adding 40 mM final concentration of tris buffer at pH 8.0. The 

Figure 4.3.6: SEC chromatogram and SDS-PAGE Gel for legobody_pUL94/pUL99 

complex 
Panel (A) shows SEC chromatogram for legobody_pUL94/pUL99. Panel (B) 15% SDS-PAGE 

Gel loaded with protein from a fraction from SEC. 
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pegylated sample was then injected into a Superdex 200 10/300 GL SEC column, as 

described in Section 3.23, using lego1_9499 SEC buffer, and the eluted protein was 

collected in 200 μL fractions. 

 

4.3.15 Optimization of sample buffer for cryoEM via dynamic light scattering 

(DLS) experiment 

 Although PEGylation significantly improved sample aggregation on cryoEM grids, 

further optimization was required to minimize aggregation and prevent dissociation of 

the legobody_syb31_pUL94/pUL99 complex. To achieve this, dynamic light scattering 

(DLS) was employed to screen for buffer and salt conditions that would stabilize the 

complex for at least four days. At a concentration of 0.8 mg/mL, the 

legobody_syb31_pUL94/pUL99 sample began aggregating after two days, as illustrated in 

the radius distribution plot in Figure 4.3.8–A. 

 A radius distribution plot generated by DLS provides valuable insights into the size 

and aggregation state of a protein. The x-axis represents the particle size as hydrodynamic 

radius in nanometers (nm), while the y-axis reflects time for measurements taken across 

multiple days. A narrow, sharp distribution indicates a monodisperse sample, while 

broader distributions signal the presence of multiple protein populations. By combining 

data from different time points, the plot facilitates the assessment of sample quality over 

time, with the color representing the proportion of the sample contributing to the 

distribution. 

 High-throughput DLS experiments in a 96-well format (as described in Section 

3.29) were conducted over three rounds with systematically formulated buffer and salt 

screens for the legobody_syb31_pUL94/pUL99 complex. The first screen included four 

salts in combination with four buffers (refer to Figure 4.3.7–A). On the first day, the protein 

complex remained stable in all salts except ammonium chloride (result not shown). By the 

second day, samples in buffers containing L-arginine began aggregating (Figure 4.3.8–C), 

while samples with NaCl aggregated on the third day (Figure 4.3.8–A). Samples in buffers 

containing MgCl₂ showed stability over three days (Figure 4.3.8–B), but complex 

dissociation was also observed in this condition. 

 The second screen explored different salt and buffer combinations along with 

seven detergents at concentrations below their critical micellar concentration (CMC) 

(Figure 4.3.7–B). Unfortunately, the legobody_syb24_pUL94/pUL99 complex was 

unstable under all tested conditions, with samples either aggregating or dissociating 

(results not shown).  

A third screen was designed based on the Hofmeister series, varying pH (4.4 to 

10.5) and buffer compositions (Figure 4.3.7–C). This screen identified six conditions 

where legobody_syb24_pUL94/pUL99 complexes remained relatively stable for five days 

(Figures 4.3.8–D to I). Notably, five of these conditions were at pH ≤ 5.4, while the sixth 

condition comprised CHES buffer at pH 9.0, with 75 mM NaCl and 135 mM MgCl₂. The final 

buffer composition for this condition was proportionally adjusted to reduce salt 

concentrations, yielding the following optimized condition: 10 mM CHES at pH 9.0, 50 mM 

NaCl, 100 mM MgCl₂, and 2 mM D-maltose (labeled as lego2_9499). D-maltose was 

included in all buffers during preparation to stabilize MBP_PrAG, as it serves as a substrate 

for MBP. Throughout all DLS experiments, the sample concentration was consistently 

maintained at 0.8 mg/mL. 
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Figure 4.3.7: Buffer and salt screens for optimizing legobody_pUL94/pUL99 using DLS 

Panels (A), (B), and (C) display the buffer and salt screens conducted to identify optimal 

conditions for the legobody_syb31_pUL94/pUL99 complex using Dynamic Light Scattering 

(DLS). Panel (A) shows various pH, buffer and salt composition screened initially. Panel (B) 

shows different salts and detergents screened (A).  Panel (C) shows the salts, based on 

Hoffmeister series, and buffers at various pH screened. 
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Figure 4.3.8: DLS radial distribution plots for legobody_pUL94/pUL99 complex under 
various conditions 

In all the panels, x-axis represent hydrodynamic radius and y-axis represent time in seconds. 
Panels (A) to (I) display the Dynamic Light Scattering (DLS) radial distribution plots for 

legobody_syb31_pUL94/pUL99 complex under different conditions of buffer, pH and salt.  
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4.3.16 Optimization of vitrification 

 After optimizing the legobody_syb31_pUL94/pUL99 complex in solution, Dr. 

Guandalina Marini further refined the freezing parameters to improve grid preparation. 

This optimization process included evaluating sample concentration, the effect of 

detergent presence or absence during vitrification, chemical coating with graphene oxide, 

grid types (such as Quantifoil or C-Flats, varying in copper/gold support, mesh, and hole 

sizes), glow discharge settings (time and power), vitrification devices (Vitrobot Mark IV 

and Leica GP2), sample volumes, and blotting times. These efforts revealed that the 

sample performed optimally at a concentration of 0.05 mg/mL, marking a significant 

advancement in the preparation of grids for cryoEM analysis. 

 

4.3.17 Image processing of cryoEM dataset 

 As previously noted, cryoEM data collection was conducted by Dr. Guendalina 

Marini. During the optimization process, a total of 12 datasets were collected and 

processed. The typical workflow for cryoEM data processing involves motion correction 

of particles in individual frames of the recorded movies, CTF (contrast transfer function) 

estimation and correction, particle picking, 2D classification, reconstruction, and 

refinement. All data processing was performed using cryoSPARC. 

 Among the datasets collected, the best one so far comprised 13,153 movies 

captured at a magnification of 105,000x using a Titan Krios G3 equipped with a 300 keV 

electron source. This dataset had a total electron exposure of 50.83 e⁻/A ² and a pixel size 

of 0.832 A , making it a significant step forward in the structural analysis of the 

legobody_pUL94/pUL99 complex. 

 

4.3.17.1 Pre-processing to particle picking 

 Data must be pre-processed and corrected for motion blur and errors in contrast 

transfer function (CTF). These are achieved using patch motion correction job and patch 

CTF estimation job in cryoSPARC suite. The CTF corrected micrographs are curated using 

manual curation job in cryoSPARC to remove micrographs with CTF fit less than 5.0A  

resolution, resulting in 5,756 good micrographs.   

 It was challenging to pick particles using blob picking tool of cryoSPARC. To pick 

particles, a map was generated in ChimeraX from the Alphafold2 multimer model of 

legobody_syb31_pUL94/pUL99. Using this map as template, initial particles are picked 

using template picking job. 2D classification, Ab-initio reconstruction follows template 

picking. These three jobs were performed iteratively three times until a good set of 
particles were identified which were then used to train RESNET8 topaz neural network 

model. The trained model was then used to pick particles which resulted in 5,921,799 

particles. This workflow from pre-processing to particle picking was illustrated in figure 

4.3.9. 
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Figure 4.3.9: Particle picking workflow 
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4.3.17.2 Sorting particles using heterogenous refinement 

 Approximately 5.9 million particles, picked using the trained Topaz model, were 

utilized to reconstruct three volumes ab-initio using the ab-initio reconstruction job. 

These reconstructed volumes were then sorted by inputting three maps into the 

heterogenous refinement job, with the forced hard classification feature enabled. From 

the heterogenous refinement results, the best class among the three was selected, along 

with its associated particles, for further processing. Refer to Figure 4.3.10 for an 

illustrated overview of this workflow. 

 

 

 

 

4.3.17.3 Map refinement 

 A total of 2.26 million particles from heterogenous refinement were further 

refined using homogenous refinement, resulting in a map with a Fourier shell correlation 
(FSC) 0.143 resolution of 4.32 A . This consensus map was used for 3D classification, both 

with and without a mask. The mask was generated to cover the volume of pUL94/pUL99. 

The workflow without the mask produced a map with an FSC 0.143 of 4.06 A  (refer to 

Figures 4.3.11 and 4.3.12), while the workflow with the mask resulted in a map with an 

FSC 0.143 of 5.42 A . 

 The best map (out of 20 classes) from the unmasked workflow underwent further 

homogenous refinement with 276,715 particles. This refined map exhibited relatively 

well-resolved features for Fab_8D3_2, MBP_PrAG, and the sybody, allowing a structure 

derived from the cryoEM map of the legobody without the target protein (PDB: 7RXC) to 

fit appropriately (see Figures 4.3.12–C and D). However, the volume corresponding to 

pUL94/pUL99 was only partially visible (highlighted in yellow in Figures 4.3.12–A and B) 

and insufficient for modeling the structure. The conical Fourier area ratio (cFAR) of 0.39 

(see Figure 4.3.12–F) indicated some orientation bias in the particle set. A cFAR value of 

0.5 is generally considered the borderline threshold for atomic resolution reconstruction. 

 

Figure 4.3.10: Particle sorting through heterogenous refinement 
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Figure 4.3.11: Map refinement 
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The best map from the masked workflow was refined using a local refinement job 

with 29,880 particles (refer to Figure 4.3.11 for the workflow). The refined map showed 

an increase in the total volume of pUL94/pUL99; however, the volumes for Fab_8D3_2 

appeared more diffuse, and MBP_PrAG was not visible (see Figures 4.3.13–A and B). The 

FSC 0.143 of this map was 5.42 A  (see Figure 4.3.13–E), which is insufficient for structural 

modeling. The cFAR ratio of 0.41 (see Figure 4.3.13–F) also suggested orientation bias in 

the particle set. 

  

 

 

Figure 4.3.12: Cryo-EM maps and analysis of legobody_syb31_pUL94/pUL99 complex 

Panels (A) and (B) display homogenous reconstruction cryo-EM maps of the 

Legobody_syb31_pUL94/pUL99 complex with 180° horizontal rotation, highlighting the 

pUL94/pUL99 complex in yellow. Panels (C) and (D) show the same cryo-EM maps overlaid 

with the AlphaFold2 multimer model at 180° rotations, Panel (E) presents the FSC plot 

estimating an FSC 0.143 resolution of ~4.1A . Panel (F) displays the conical Fourier shell 

correlation plot with a ratio of 0.39 
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 Analysis of volume maps from 3D classification jobs, as well as 3D variability 

analysis, revealed significant heterogeneity in the binding angles of the legobody 

components (Fab_8D3_2, MBP_PrAG, and pUL94/pUL99) and within each individual 

component. This heterogeneity underscores the need for a larger number of high-quality 

particles. Plans are in place to collect additional data, as a larger particle set is expected to 

mitigate orientation bias and improve map resolution. 

 

 

 

Figure 4.3.13: Cryo-EM analysis of legobody_syb31_pUL94/pUL99 complex with mask 

Panels (A) and (B) display homogenous reconstruction cryo-EM maps of the 

Legobody(s31)_pUL94/pUL99 complex focused on the pUL94/pUL99 region using a mask, 

with 180° horizontal rotations, and the partial volume colored in yellow. Panels (C) and (D) 

show these maps overlaid with the AlphaFold2 multimer model of Legobody_syb31 at 180° 

rotations, again highlighting the pUL94/pUL99 volume in yellow. Panel (E) provides the gold 

standard Fourier shell correlation plot. Panel (F) illustrates the conical Fourier shell 

correlation plot with a conical Fourier area ratio of 0.41. 
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5. Discussion 
 Human Cytomegalovirus (HCMV) infection is widespread and can cause severe 

disease, particularly in organ transplant recipients and newborns. Most of the currently 

available antivirals are associated with significant toxicity, and the emergence of drug-

resistant HCMV strains is an increasing concern. These challenges highlight the need for 

developing new antivirals targeting additional HCMV proteins. 

Not all HCMV antivirals are approved for all three therapeutic regimens—

prophylaxis, pre-emptive treatment, and treatement of HCMV disease. For example, 

Letermovir is approved solely for prophylaxis, whereas Ganciclovir is approved for all 

three regimens; however, Ganciclovir has a higher toxicity profile compared to Letermovir. 

One strategy to address both toxicity concerns and the emergence of antiviral-resistant 

HCMV strains is the development of multidrug combination therapy. Studies on 

combination therapy for HCMV infection and disease have demonstrated significant 

improvements over monotherapy, particularly in patients infected with drug-resistant 

HCMV strains [Mylonakis et al., 2002; Cai et al., 2014; Vora et al., 2018]. However, the toxic 

effects of multidrug combination therapies have not been extensively studied. Drug-drug 

interactions can exacerbate toxicity depending on the specific combination used, although 

synergistic effects have also been observed [Lehar et al., 2009]. 

Developing antivirals with lower individual toxicity profiles, enhanced synergistic 

effects, and the ability to combat drug-resistant HCMV strains is at the core of this thesis. 

While such research is a long-term endeavor, this study specifically focuses on three HCMV 

proteins—pUL94/pUL99 complex, pUL98, and pUL77—to identify potential inhibitors 

for combination therapy. These targets play critical roles at different stages of the viral 

lifecycle: pUL98 is suspected to be involved in DNA replication, pUL77 is essential for the 

stability of DNA-packed capsids and contributes to DNA packaging, and pUL94/pUL99 is 

crucial for secondary envelopment. In vitro knockout cell culture studies have 

demonstrated the essential nature of these proteins for HCMV replication. Their 

involvement in distinct viral lifecycle stages presents a theoretical advantage for drug 

synergism and combating drug-resistant HCMV strains. 

This study employs a structure-based drug discovery approach to identify 

potential inhibitors of the pUL94/pUL99 complex, pUL98, and pUL77 through virtual 

screening of a small molecule library. Structural characterization of target proteins is 

fundamental to structure-based drug discovery. While the structure of pUL77 is available 

(PDB: 7NXP, 8TEP) in the RCSB database, the structures of pUL94/pUL99 complex and 

pUL98 are not publicly available. Thus, this study focuses on structural characterization 

to allow for virtual screening and identification of small molecule hits against all three 

target proteins. 

Virtual screening of one million small molecules from the ZINC22 library against 

the published pUL77 structure was initiated using AutoDock Vina. However, more than 

60,000 molecules exhibited an estimated binding energy below -5 kcal/mol. Given the 

limited resources available, it was impractical to validate all 60,000 compounds in vitro, 

as a significant proportion were likely false positives. To improve the true positive rate of 

virtual screening hits and rationally select candidates for further validation through in 

vitro assays, a semi-automated consensus virtual screening pipeline was developed. This 

pipeline integrates AutoDock Vina, DiffDock, and AlphaFold3 using Python. 
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Consensus docking programs have been shown to enhance true positive rates 

compared to stand-alone docking tools [Morris et al., 2022]. Stand-alone docking 

programs—such as AutoDock Vina, AutoDock 4, Smina, Gnina, Glide, and Ledock—focus 

on improving sampling and scoring of docking poses [Eberhardt et al., 2021; Morris et al., 

2009; Koes et al., 2013]. Advanced consensus docking pipelines, including 'dockECR' and 

'MILCDock' [Ochoa et al., 2021; Morris et al., 2022], utilize multiple docking tools and 

employ complex scoring models to rank small molecules based on docking results. 

However, existing tools do not provide context-specific scores. Accurate predictions of 

docking poses and binding affinities do not necessarily translate into desired biological 

activity. While manual inspection and analysis of docked poses can offer insights into the 

probability of achieving the desired activity, this process has not been automated in 

published pipelines. 

Although it remains impossible to fully predict a small molecule’s mode of action 

solely from docking, this newly developed virtual screening pipeline takes a step in this 

direction. It sorts, clusters, and ranks compounds based on their interactions with specific 

amino acid residues in the target protein, in addition to analyzing docking poses using 

three different tools. The pipeline evaluates docking results, eliminates compounds with 

improbable binding poses, clusters hits based on the similarity of chemical groups 

interacting with target protein residues, and scores candidates based on the alignment 

and consistency of poses across the three tools.  

Docking scores alone are meaningless if the pose is improbable to achieve the 

biological effect needed. For instance, if a small molecule does not bind to the chosen 

active site residues, a good docking score becomes irrelevant as the target protein cannot 

be inhibited. When millions of molecules are virtually screened, initial shortlisting relies 

on docking scores, as manually visualizing millions of poses is impractical. The presented 

pipeline automates the analysis, removing poses that fail to bind desired residues. 

 Clustering molecules based on their chemical signatures allows for shortlisting 

small molecules with diverse chemical properties. The pipeline includes functionality to 

cluster small molecules based on their overall structure or the substructures that interact 

with the chosen residues, ignoring parts of the molecule that do not contribute to the 

interaction with the target protein. 

 A scoring model was developed to evaluate small molecules based on the average 

atom-to-atom root mean squared distance and the coverage of active site/hotspot 

interfaces by the small molecules across poses from the three tools, providing a ranking 

within each cluster. 

 The goal of developing this pipeline, as part of this thesis, was to use it for 

screening small molecule inhibitors targeting HCMV proteins pUL77, pUL94/pUL99, and 

pUL98. The pipeline was utilized to screen one million small molecules to inhibit pUL77 

multimerization, using the monomeric crystal structure of pUL77 available in public 

databases. This screening resulted in 48 potential protein-protein interaction inhibitors 

against pUL77, and 16 hits were ordered for activity assessment in in-vitro cell-based 

assays through collaboration. However, the structures of pUL94/pUL99 and pUL98 were 

unavailable, and their structural characterization formed the remaining part of the 

thesis's aim. 

 Extensive attempts to characterize pUL98 through X-ray crystallography, both 

alone and in complexes with oligos, crystallization chaperones such as sybodies and 

megabodies, were unsuccessful. Although megabody scaffolds were engineered for use as 
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crystallization chaperones, failed crystallization attempts prompted us to start the 

characterization of pUL98 with megabodies through cryoEM single-particle analysis. 

Initial feasibility studies based on one cryoEM dataset yielded a map at ~6 A  resolution 

(FSC 0.143). While this resolution was insufficient for atomic modeling, it justified further 

efforts in this direction. Due to limitations with microscope access, proposals were written 

to cryoEM facilities to collaborate for data collection. 

 While the main goal was structural characterization, new findings emerged 

regarding pUL98. Several nucleases from the DEK superfamily of exonucleases are known 

to dimerize to function. Although pUL98 dimerization was previously unreported, this 

study revealed that pUL98 dimerizes in solution in vitro. Additionally, deleting the 

intrinsically disordered region does not affect dimerization. The dimerization of pUL98 

was concentration-dependent, with over 10% of the population forming dimers at slightly 

above 1 mg/mL, and over 90% at 10 mg/mL. A stretch of 20 amino acids near the N-

terminal labelled as NCR, which is not conserved in alkaline nucleases from other human 

herpesviruses, was shown to play an essential role in protein folding but did not abolish 

enzymatic activity upon deletion. Double-stranded DNA was found to stabilize pUL98 

more effectively than single-stranded DNA, with a difference of ~7°C suggesting a 

preference for double-stranded DNA. 

 This study also screened sybodies that bind to pUL98 and grouped them based on 

non-overlapping antigenic regions using bio-layer interferometry (BLI). These results 

pave the way for cell biology studies using sybodies in formats such as chromobodies, 

aimed at elucidating pUL98's function in the viral lifecycle, which remains unknown. 

 Efforts to characterize pUL94/pUL99 via X-ray crystallography began before this 

study but did not yield diffraction-quality crystals. Sybodies were engineered to assemble 

legobody scaffolds to improve cryoEM sample preparation. Strategies such as PEGylation 

and buffer screening using DLS were employed to reduce aggregation and dissociation of 

legobody_pUL94/pUL99 complexes during vitrification. These efforts resulted in properly 

dispersed samples on grids with negligible aggregation. Optimized sample preparation 

revealed that legobody_pUL94/pUL99 exhibited extreme heterogeneity, with flexible 

binding angles and components presenting continuous conformational landscapes. This 

posed challenges for cryoEM data processing. After extensive efforts with support from 

experienced cryoEM researchers (Dr. Guido Hansen, Dr. Guendalina Marini, Dr. Gonzalo 

Obal, Dr. Mauro Maiorca, and Dr. Siavash Mostafavi), resolutions of ~5.8 A  for 

pUL94/pUL99 and ~4.1 A  for the full legobody_pUL94/pUL99 complex were achieved. 

However, only partial volumes of pUL94/pUL99 were resolved due to its inherent 

flexibility and the map quality of pUL94/pUL99 is worse, restricting structural modelling. 

In the course of this thesis, a proposal for cryoEM access at the SOLEIL Polaris cryoEM 

beamline was approved, and further data collection is planned to achieve atomic 

resolution. 

 The finding that legobody scaffolds are inherently flexible has not been previously 

reported, providing valuable insights for future users. Structural characterization of the 

pUL94/pUL99 complex is approaching atomic resolution, while cryoEM characterization 

of pUL98 is still in its early stages but has been demonstrated to be feasible. Despite 

extensive efforts, both pUL94/pUL99 and pUL98 have been recalcitrant to crystallization. 

Obtaining diffraction-quality crystals of target proteins has always been a major 

bottleneck in X-ray crystallography. However, in cryoEM, it is possible to resolve the 

structures of relatively rigid proteins at atomic resolution without the need for 
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crystallization. Continuous flexibility within a target protein, as seen in the pUL94/pUL99 

complex, significantly complicates structure determination. 

The virtual screening pipeline I developed was intended for identifying small 

molecule hits against the pUL94/pUL99 complex and pUL98. However, the complexities 

associated with structural characterization of these proteins have delayed this goal. Once 

their structures are fully resolved, screening will be pursued in the future.  

 Functional studies for hits identified against pUL77 will help advance lead 

selection and optimization. Additionally, more small molecules will be screened using the 

pipeline in the future. Currently, the pipeline lacks functionality to assess stereochemical 

and ADME properties, but these features will be added to improve its utility. 

Computational efficiency will also be enhanced. The pipeline has already been applied to 

screen small molecules against another target from KSHV, identifying 430 potential hits, 

which are being validated in in-vitro assays. Continued structural characterization of 

pUL94/pUL99 and pUL98 will reveal more about their functions and facilitate structure-

based drug discovery against HCMV. 
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7. Appendices 

7.1 List of Abbreviations 
HCMV Human cytomegalovirus 

USFDA United States Food and Drug Administration 

Cryo-EM Cryogenic Electron Microscopy 

pULXX Protein of Unique Long gene XX 

DNA Deoxy Ribonucleic Acid 

CDXX Cluster of Differentiation 

HIV Human Immuno-deficiency Virus 

SNHL Sensorineural hearing loss 

IgG Immunoglobulin G 

HSCT Hematopoietic stem cell transplantation 

EMA European Medicines Agency 

dNTP Deoxynucleotide triphosphate 

MMOA Molecular Mechanism of Action 

ACE Angiotensin-converting enzyme 

HTS High-throughput in-vitro screening 

SPR Surface Plasmon Resonance 

SAR Structure Activity Relationship 

LLPS Liquid-liquid phase separation 

IE Immediate early 

RC Replication compartment 

DE Delayed early 

L Late 

HFF Human foreskin fibroblast 

Mab Monoclonal antibody 

MCP Major capsid protein 

CVSC Capsid vertex-specific components 

NEC  Nuclear egress complex 

MTOC Microtubule-organising center 

NES Nuclear egress signal 

ESCRT Endosomal sorting complex required for transport 

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

SLM  Surface lysine methylation 

CDR Complemantarity determining region 

SPA Single particle analysis 

 

7.2 List of tools used 
Microsoft Office (Word, Excel and 
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