
 

ROLE OF HEPATITIS A VIRUS (HAV) 

NON-STRUCTURAL PROTEINS 2B AND 3C 

IN VIRUS INFECTIVITY AND 

DEVELOPMENT OF PUTATIVE ANTIVIRALS 

AGAINST HAV 

 

 

 

KAMALIKA BANERJEE 

 

 

 

 

 

 

 

 

 

 

 

KUSUMA SCHOOL OF BIOLOGICAL SCIENCES 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

OCTOBER 2020 

  



  

  

  

  

  

  

  

  

  

  

  

 © Indian Institute of Technology Delhi (IITD), New Delhi, 2020

  



 

ROLE OF HEPATITIS A VIRUS (HAV) 

NON-STRUCTURAL PROTEINS 2B AND 3C 

IN VIRUS INFECTIVITY AND 

DEVELOPMENT OF PUTATIVE ANTIVIRALS 

AGAINST HAV 

 

by 

 

KAMALIKA BANERJEE 

 

Kusuma School of Biological Sciences 

 

Submitted
 

in fulfilment of the requirements of the degree of Doctor of Philosophy
 

to the 

 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

OCTOBER  2020 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Dedicated to my parents, my family and the  

Almighty Maa Durga 

for their immeasurable support  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

“Conquer yourself and the whole universe is yours.” 

                                          -Swami Vivekananda 

 



 

CERTIFICATE 

 
This is to certify that the thesis entitled “Role of Hepatitis A Virus (HAV) non-structural 

proteins 2B and 3C in virus infectivity and development of putative antivirals against HAV”, 

being submitted by Kamalika Banerjee to the Indian Institute of Technology, Delhi, for the award 

of the degree of Doctor of Philosophy is a record of the bonafide research carried out by her, 

which has been prepared under our supervision and guidance in conformity with rules and 

regulations of the Indian Institute of Technology, Delhi, India. The results prescribed in it have 

not been submitted in part or full to any other University or Institute for the award of any 

Degree/Diploma. 

 

 

 

 

 

Dr. Manidipa Banerjee            Dr. James Gomes 

Associate Professor             Professor 

Kusuma School of Biological Sciences          Kusuma School of Biological Sciences 

Indian Institute of Technology, Delhi           Indian Institute of Technology, Delhi 

New Delhi- 110016, India            New Delhi- 110016, India 

 

 

 

  



 

ACKNOWLEDGEMENT 

 

I would like to thank all the people who have provided me with immeasurable support throughout 

my Ph.D. journey. To start with, I would like to express my gratitude to my mentors and 

supervisors, Dr. Manidipa Banerjee and Prof. James Gomes for accepting me as their graduate 

student and giving me exciting research projects to work upon. I am indebted to Dr. Manidipa 

Banerjee for her constant guidance, encouragement, support, and to push me through during tough 

times. Her inputs at critical junctures of the projects and discussions with her have always helped 

in improving my own critical thinking as well as help shape up the projects much better. Prof. 

James Gomes have always provided that extra support and push to help me pursue my projects 

passionately. Their efforts have not only helped me professionally, but this long and arduous 

journey of Ph.D. has also taught me a lot about life and made me more capable to face the hardships 

of life in a better manner. 

 

I am highly obliged to my mentor and Chairman of my Research Committee, Prof. B. Jayaram, 

Coordinator of Supercomputing Facility for Bioinformatics and Computational Biology (SCFBio), 

IIT Delhi, for his valuable suggestions and critical comments throughout my Ph.D. His comments 

have always helped me polish my work further. I would like to thank Dr. Soumen Basak, Scientist 

at National Institute of Immunology (NII), New Delhi, for providing me with resources and critical 

guidance at important phases of my projects. I would like to sincerely thank all the esteemed 

Professors of Kusuma School of Biological sciences, Prof. Aditya Mittal, Archana Chugh, Ashok 

Kumar Patel, Biswajit Kundu, Chinmoy Shankar Dey, Seyed E. Hasnain, Tapan Kumar Chaudhuri 

and Vivekanandan Perumal for their teaching, suggestions and help during different stages of my 

work and giving access to their laboratory resources and instruments. I would like to thank the 

High Performance Computing (HPC) Facility to be able to carry out the simulation studies. 

 

I would like to thank everyone at Kusuma School of Biological Sciences for sharing lab space and 

lab resources and providing help whenever required. I would like to express my appreciation to 

my dear friend Dr. Ruchika Bhat for being a wonderful collaborator to work with. I would like to 

thank Dr. Jaideep Singh and Dr. Pankaj for being an excellent source of encouragement and 

providing technical help whenever I have asked for. I would like to express my gratitude to Dr. 



 

Payel Roy and Dr. Balaji Banoth for being extremely cooperative and helpful. I would like to thank 

my lab mates who have provided support and shared experimental knowledge. I would like to 

thank all the employees of Kusuma School of Biological Sciences for their logistic help and 

cooperation. 

 

I acknowledge the financial assistance received from Ministry of Education (erstwhile MHRD), 

Government of India during my Ph.D. and to Department of Science and Technology (DST), 

Government of India for financial support to attend an international conference. 

 

Lastly, I would like to extend my deepest gratitude to the people who mean the most to me, my 

parents and my family. Their unfailing support and encouragement during the hard times kept me 

moving. They have always been extremely supportive and provided me with tremendous strength 

to reach the end of Ph.D. This entire Ph.D. journey is completely dedicated to my beloved family 

and their efforts to help me rise when the going got extremely tough. 

 

And now I dedicate all my life’s work, vision and pursuit to the Almighty, Jagat Janani Maa Durga, 

because of whom this whole creation was, is and will be. 

 

 



i 
 

ABSTRACT 

 

Hepatitis A Virus (HAV) is a mild pathogen which causes acute jaundice. HAV infects liver cells 

and spreads through the faeco-oral route. Over the years, improved sanitation conditions and 

decreased protective immunity in developed countries along with expensive vaccines, prevalence 

of vaccine-resistant strains and lack of specific treatment have led to increase in the number of 

HAV outbreaks world-wide. 

HAV belongs to the Picornaviridae family, which has positive-sense single-stranded monopartite 

RNA genome enclosed within a non-enveloped capsid. HAV has shown distinctive features in 

different aspects of its virus life-cycle, in comparison to other picornaviruses, leading HAV to be 

taxonomically assigned in a separate genus, Hepatovirus. The open-reading frame (ORF) of HAV 

encodes a huge polyprotein that eventually cleaves into viral precursors, structural and non-

structural proteins. Structural proteins formed, upon translation and cleavage, are VP1, VP2, VP3 

and VP4 whereas non-structural proteins formed are 2B, 2C, 3A, 3B, 3C and 3D. 

Viral pathogenesis involves antagonistic interactions between viral and host proteins. One of the 

non-structural proteins, HAV 3C which is the only protease of the virus, is responsible for viral 

polyprotein processing. 3C also cleaves several host proteins of the innate immune system, thus 

abrogating the first line of defense against the virus, and help maintain the viral life cycle. Hence, 

it is a viable antiviral target.  

Our first objective was to identify lead compounds that could be tested as effective drugs against 

HAV in the future. Structure-based drug designing was carried out and nine potentially efficacious 

compounds were screened. Experimental validation of these small-molecule inhibitors eventually 

led us to identify three of them as the most viable lead compounds having the lowest inhibition 

constants and reduced cytotoxicity. These compounds not only showed significant therapeutic 

potential against 3C protease of HAV, but also against Rhinovirus 3C. Extended computational 

analysis showed these could possibly be used as lead compounds for further testing against this 

family of proteases. This work thus highlights the feasibility of designing and developing generic 

drugs against the 3C proteases of the picornavirus family. 



ii 
 

Our second objective was to understand a virus-host cell interaction of HAV 3C protease with 

RelA/p65, a significant component of the NF-κB signaling pathway which is a part of the 

mammalian innate immune system. Using a combination of biochemical and computational 

approaches, we found that HAV 3C protease cleaves the C-terminal region of p65, thus disrupting 

host’s innate immune response.  

Our third objective examines the role of 2B, another non-structural protein of HAV, in viral 

pathogenicity. The amphipathic α-helix of 2B is known to be a viroporin in poliovirus, coxsackie 

virus, rhinovirus and encephalomyocarditis virus, and is responsible for causing membrane 

alterations and cell permeability. In HAV, a single point mutation in 2B (A216V) has led to 10 to 

20 fold replication in infected cells. There have been conflicting reports regarding the localization 

of picornaviral 2B proteins, hence, we carried out extensive immunofluorescence studies on 

mammalian cells to see the localization of HAV 2B in subcellular organelles. We found that HAV 

2B localized mostly to ER, very slightly to the Golgi complex, while almost no localization was 

observed in plasma membrane and mitochondria. However, we observed that HAV 2B, unlike 

analogous proteins of other picornaviruses, localizes significantly to the nuclear envelope. We also 

did not observe any significant differences in subcellular localization of 2B wild-type and 2B 

A216V mutant. Our molecular dynamics simulation studies also showed that 2B A216V mutant 

is slightly more stable than 2B wild-type, which could contribute towards the 2B A216V 

containing virus being more replication-competent. 

 

 

  



सार 

 

हेपेटाइटटस ए वायरस (एच.ए.वी) एक हल्का रोगजनक है टजसकी वजह से भीषण पीटिया का टवकार उत्पन्न 

होता है। एच.ए.वी, यकृत की कोटिकाओ ंको संक्रटित करता है एवं फीको-ओरि रुट द्वारा फैिता है। 

दुटनया के टवकटसत देिो ंिें अच्छी स्वस्थ्य व्यवस्थाओ ंकी वजह से एवं िेहेंगे वैक्सीन, वैक्सीन रेटसस्टेंट स्टर ेन, 

उपचार के अभाव एवं स्वछता के कारण  एच.ए.वी. संक्रिण के िाििे ज़्यादा आते हैं।  

एच.ए.वी., Picornaviridae family का एक वायरस है। इसका ढांचा पॉटिटटव-सेंस टसंगि-स्टर ेने्डड RNA 

जीनोि है, नॉन-इने्विप्ड कैप्सिड के अंदर होता है।  

एच.ए.वी. की वायरस िाइफ-साइटकि बहुत टविेष है, बाटक के टपकोरना वायरस के िुकाबिे। इसटिए 

एच.ए.वी. को टहपैटोवायरस नाि के एक अिग जीनस िें डािा गया है। एच.ए.वी. का ओपन रीटडंग फे्रि , 

एक टविाि पािीप्रोटीन को एनकोड करता है, जो उसको वायरि प्रीकरसर िें तोड़ता है, स्टरक्चरि एवं 

नॉन-स्टरक्चरि प्रोटीन िें। इस दौरान VP1, VP2, VP3 एवं VP4 निक स्टरक्चरि प्रोटीन बनते हैं एवं, 2B, 

2C, 3A, 3B, 3C और 3D निक नॉन-स्टरक्चरि प्रोटीन बनते हैं।  

वायरि रोगजनन िें वायरस एवं होस्ट प्रोटीन के बीच िें टवरोधजनक प्रटक्रया टदखाई देती है। इनिे से एकगैर-

संरचनात्मक प्रोटीन, एच.ए.वी. 3सी जो वायरस का एकिात्र protease है, टजमे्मदार है वायरि पॉिीप्रोटीन 

प्रसंस्करण के टिए। 3सी इमू्यन प्रणािी के कई िेजबान प्रोटीन को तोड़ता है। इसी प्रकार वो वायरस के 

प्सखिाफ रक्षा की पहिी पंप्सि को टनरस्त करता है और उसकी जीवन प्रणािी को सचर रूप से चिाने िें 

िदद करता है। इसीटिए यह एक सक्षि एंटीवायरि िक्ष्य है। 

हिारा पहिा उदे्दश्य उन प्रिुख यौटगको ंकी पहचान करना था, टजनके प्सखिाफ प्रभावी दवाओ ंके रूप िें 

परीक्षण टकया जा सकता है, भटवष्य िें एच.ए.वी. के प्सखिाफ। इसटिए संरचना-आधाररत दवा टडजाइटनंग 

की गई,और नौ संभाटवत रूप से प्रभाविािी यौटगको ंकी जांच की गई, अंततः  इन छोटे-अणु अवरोधको ंका 

प्रायोटगक सत्यापन हिें उनिें से तीन की पहचान कराने िें सफि हुआ।  जो की viable lead compounds 

िें सबसे कि टनषेध होता है और  साइटोटोप्सक्सटसटी भी कि हो जाती है। इन यौटगको ंने न केवि िहत्वपूणण 

टचटकत्सीय क्षिता टदखाई एच.ए.वी. के 3सी protease के प्सखिाफ बप्सल्क Rhinovirus 3C के प्सखिाफ भी। 

टवस्ताररत कम्प्यूटेिनि टवशे्लषण से पता चिा टक इन्हें संभवतः  इसके प्सखिाफ आगे के परीक्षण के टिए 

िुख्य यौटगक के रूप िें इसी protease के पररवार के टिए इसे्तिाि टकया जा सकता है। इस कायण िें इस 

प्रकार टडजाइटनंग और टवकास की व्यवहायणता पर प्रकाि डािा गया है, ताटक जेनेररक डर ग्स बनायी ंजा सकें  

टपकोरना वायरस पररवार के 3C proteases के प्सखिाफ।  

हिारा दूसरा उदे्दश्य वायरस-होस्ट सेि इंटरैक्शन को सिझना था, एच.ए.वी. 3C protease के साथ 

RelA/p65, एक अटूट अंग है NF-κB टसग्नटिंग पाथवे का जो की एक टहस्सा है स्तनधारी जंतुओ ंके जन्मजात 

प्रटतरक्षा प्रणािी का। जैव रासायटनक और कम्प्यूटेिनि पप्सिटतओ ंके संयोजन का उपयोग करते हुए हिें 

पता चिा की एच.ए.वी. 3C protease, C-terminal region-p65 को तोड़ देता है। इस प्रकार वो होस्ट की 

सहज प्रटतरक्षा प्रटतटक्रया को टिटथि बना देता है।   



हिारा तीसरा उदे्दश्य एच.ए.वी. के एक और गैर-संरचनात्मक प्रोटीन, 2बी की भूटिका की जांच करता है। 

2बी  का amphipathic α-helix वायरो पोररन के नाि से जाना जाता है, खासकर पोटियो वायरस, कॉक्स 

सकी वायरस , रायनो वायरस, एने्सफिो िायो कारडाइटटस वायरस िें, जोटक टिमे्मदार है कोटिकाओ ंके 

membrane alterations और cell permeability िें। एच.ए.वी. िें टसंगि पॉइंट मु्यटेिन देप्सख जा सकती 

है 2बी िें और उसकी वजह से संक्रटित कोटिकाओ ंिें १० से २० गुना प्रटतकृटत देप्सख गयी।  टपकोनाणवायरि 

2बी प्रोटीन के स्थानीयकरण के संबंध िें परस्पर टवरोधी ररपोटें आई हैं, इसीटिए हिने गहन तरीके से 

इम्प्मु्यनोफ्लोरसेंस जांचें करर ख़ास तौर पे स्तनधारी जंतुओ ंपर ताटक एच.ए.वी. 2बी का localisation देखा 

जा सके subcellular organelles पर।  

हिने पाया टक एच.ए.वी. 2बी ज्यादातर ईआर के टिए स्थानीयकृत है, गोिगी कॉम्प्लेक्स से बहुत कि, जबटक 

िगभग कोई स्थानीयकरण नही ं टदखा लाज्मा िेमे्ब्रन और िाइटोकॉप्सन्डर या िें। हािांटक, हिने देखा टक 

एचएवी 2बी, नुप्सिअर एनविप से टवटिष्ट रूप से जुड़ता है।  

हिने 2बी वाइल्ड टाइप एवं 2बी A216V मु्यटेंट के उप-स्थानीयकरण िें कोई िहत्वपूणण अंतर नही ंदेखा। 

हिारे आणटवक गटतिीिता टसिुिेिन अध्ययन ने यह भी टदखाया की 2बी A216V मु्यटेंट, 2बी वाइल्ड 

टाइप से ज़्यादा प्सस्थर है।  इसी वजह से 2बी A216V मु्यटेिन वायरस को अटधक प्रटतकृटत सक्षि बनाती है।   
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THESIS ORGANIZATION 

This thesis is organized into four chapters. The first chapter gives an introduction and literature 

survey about Hepatitis A and its causative agent Hepatitis A Virus (HAV). It describes the 

important attributes of the virus such as the molecular organization and its genome architecture. 

The virological events and the associated immune responses are discussed along with the 

prevention and treatment strategies for Hepatitis A. It is followed by scope of research and specific 

objectives of the study. The second chapter presents our study on the development of plausible 

lead compounds against the 3C protease of HAV. In the third chapter, a virus-host cell interaction 

is studied between the 3C protease of HAV and an important component of the innate immune 

system. The final chapter investigates the role of 2B, another protein of HAV and discusses its role 

in viral pathogenesis by assessing its subcellular localization. Cited literature references are present 

at the end. The biodata consisting of awards received, published articles and conference 

proceedings are included at the end of the thesis. 
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