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ABSTRACT 

 

INVESTIGATION OF THE INHIBITORY EFFECT OF SOME 

SECONDARY METABOLITES TO HIV-1 CAPSID PROTEIN 

OLIGOMERIZATION 

 

 HIV-1 infection remains a major global public health concern, and the search for 

new antiviral agents continues alongside existing therapies. The capsid (CA) protein plays 

crucial roles in HIV-1 replication including nuclear entry, reverse transcription, and 

integration making it an attractive target for drug development. 

In this thesis, 279 secondary metabolites isolated from microorganisms or plants 

in Türkiye by Prof. Dr. Erdal Bedir’s group were screened for HIV-1 CA binding 

potential using molecular docking. Simulations were performed on the CA monomer, and 

compounds with high binding scores were experimentally tested. 

Two biophysical assays were employed: the capsid assembly assay to evaluate 

effects on oligomerization kinetics, and Differential Scanning Fluorimetry (DSF) to 

assess changes in CA thermal stability. 

Among tested compounds, ATB-01 and ATB-05 were found to increase CA 

oligomerization rate, while MD-MG-03 and MD-MG-04 decreased CA melting 

temperature in DSF. Since HIV-1 CA also exists as a multimer, additional docking studies 

were conducted on a multimeric CA model encompassing all capsid-capsid interaction 

sites. Notably, most compounds showed their best binding at the tri-hexamer interface. 

MD-MG-03 and MD-MG-04 exhibited similar docking scores for monomer and 

multimer, while ATB-01 and ATB-05 had improved scores at the tri-hexamer interface. 

These results suggest that selected natural compounds may interact with HIV-1 

CA in distinct modes. Further computational and experimental studies are needed to 

better understand their mechanisms of action and evaluate their relevance for CA-targeted 

antiviral research. 
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ÖZET 

 

BAZI SEKONDER METABOLİTLERİN HIV-1 KAPSİT PROTEİNİ 

OLİGOMERİZASYONUNA ETKİSİNİN ARAŞTIRILMASI 

 

 HIV-1 enfeksiyonu dünya çapında küresel bir sağlık sorunu olmaya ve mevcut 

tedavilerin yanında yeni antiviral ajanlara olan ihtiyaç artmaya devam etmektedir. HIV-

1’in yaşam döngüsünde önemli bir rol oynayan kapsid proteini, virüsün yapısal 

bütünlüğünü sağlamanın yanı sıra ters transkripsiyon ve viral genomun konakçı hücre 

genomuna entegrasyonu gibi kritik adımları da düzenlemektedir. Bu nedenle kapsid 

proteini, ilaç geliştirme aşamalarında giderek daha fazla öne çıkan bir hedef haline 

gelmiştir. Bu tez çalışmasında, Türkiye’deki mikroorganizma ve bitkilerden ve izole 

edilen Bedir Grup sekonder metabolitlerin HIV-1 kapsid ile etkileşim potansiyeli 

araştırılmıştır. 

 Tez kapsamında 279 sekonder metabolit HIV-1 kapsid monomeri ile moleküler 

yanaştırma yapılmış ve en yüksek bağlanma skoruna sahip moleküller seçilerek deneysel 

çalışmalarda incelenmiştir. Deneysel aşamada iki farklı biyofiziksel yöntem 

kullanılmıştır. Protein stabilitesi üzerindeki etkileri değerlendirmek için Diferansiyel 

Taramalı Florimetre (DSF) ve oligomerleşme kinetiği üzerindeki etkileri incelemek için 

oligomerizasyon deneyi kullanılmıştır. DSF analizinde, MD-MG-03 ve MD-MG-04 

molekülleri proteinin erime sıcaklığını azaltırken, kapsid oligomerizasyon deneyinde 

ATB-01 ve ATB-05 molekülleri oligomerizasyonu önemli ölçüde hızlandırmıştır.  

 HİV-1 kapsid doğada monomer ve multimer formda bulunabilir. Moleküllerin 

HİV-1 kapsid multimeri ile etkileşimini incelemek için dört monomerden oluşan bir 

kapsid multimeri oluşturulmuştur. Bu multimer yapı üzerine, MD-MG ve ATB grubu 

molekülleriyle moleküler yanaştırma uygulanmıştır. En iyi moleküler yanaştırma 

sonuçlarında moleküller kapsid monomerinde C-terminal bölgeye, kapsid multimerde üç 

farklı hekzamerin etkileştiği bölgeye bağlanmış görünmektedir. Moleküllerin HİV-1 

kapsid proteini ile etkileşimini anlayabilmek için daha fazla deneysel ve hesaplamalı 

çalışma yapılması gerekmektedir. 

 

 

 



vi 

 

TABLE OF CONTENTS 

 

  

LIST OF FIGURES ....................................................................................................... viii 

LIST OF TABLES ............................................................................................................ x 

CHAPTER 1 INTRODUCTION ...................................................................................... 1 

 1.1. Human Immunodeficiency Virus Type 1 (HIV-1) .......................................... 1 

 1.2. Structure and Function of the HIV-1 Capsid Protein ...................................... 2 

 1.3. Anti-Viral HIV-1 Drugs .................................................................................. 5 

 1.4. Natural Products Antivirals ............................................................................. 7 

 1.5. Known Bioactive Compounds in the Natural Product Library Used in this 

Thesis ............................................................................................................. 8 

 1.6. Microorganism and Endemic Plant Diversity of Türkiye ............................. 10 

 1.7. Molecular Docking Approaches Using Natural Molecule Libraries ............. 11 

 1.8. Differential Scanning Fluorometry (DSF) in Drug Screening ...................... 12 

 1.9. Aim of the Thesis .......................................................................................... 13 

CHAPTER 2 MATERIALS AND METHODS ............................................................. 14 

 2.1. Molecular Docking Procedure ....................................................................... 14 

2.1.1. Protein Input Preparation Process for Molecular Docking ..................... 14 

2.1.2. Ligand Input Preparation Process for Molecular Docking ..................... 15 

2.1.3. Molecular Docking Environment Setup ................................................. 16 

2.1.4. Grid Box Setup ....................................................................................... 16 

2.1.5. Execution of Docking Process ................................................................ 17 

2.1.6. Visualization of Docking Results Using Chimera .................................. 18 

2.1.7. PDBsum Analysis ................................................................................... 18 

 2.2. Production and Purification of HIV-1 Capsid Protein .................................. 19 

2.2.1. Transformation of pet11a to BL21(DE3) Competent Cells ................... 19 



vii 

 

2.2.2. Production of HIV-1 Capsid Monomer .................................................. 19 

2.2.3. Purification of HIV-1 Capsid Monomer ................................................. 20 

2.2.4. Production and Purification of HIV-1 Capsid Hexamer......................... 22 

2.2.5. SDS-PAGE Analysis .............................................................................. 23 

 2.3. HIV-1 CA Oligomerization Assay ................................................................ 23 

 2.4. Differential Scanning Fluorometry Assay ..................................................... 25 

CHAPTER 3 RESULTS AND DISCUSSION ............................................................... 27 

 3.1. Molecular Docking Results ........................................................................... 27 

3.1.2. Structural Classification of Docked Molecules ...................................... 30 

3.1.3. Molecules Tested Experimentally .......................................................... 31 

 3.2. Production and Purification of HIV-1 Capsid Protein .................................. 36 

 3.3. HIV-1 Capsid Oligomerization Assay .......................................................... 40 

 3.4. Differential Scanning Fluorometry (DSF) Assay .......................................... 48 

CHAPTER 4 CONCLUSION ........................................................................................ 62 

REFERENCES ............................................................................................................... 64 

APPENDIX A ................................................................................................................. 76 

 

 

 

 

 

 

 

 

 

 



viii 

 

LIST OF FIGURES 

 

 

Figure                                                                                                                                Page 

Figure 1. A schematic of the HIV-1 virion. .................................................................... 2 

Figure 2. Structural assembly of the HIV-1 CA from monomeric to conical CA core. . 3 

Figure 3. Life Cycle of HIV-1 virus. .............................................................................. 5 

Figure 4. Lenacapavir (GS-6207) | HIV-1 Capsid Inhibitor. .......................................... 7 

Figure 5. Differential Scanning Fluorometry Assay. .................................................... 13 

Figure 6. 3D structure of HIV-1 CA monomer. PDB id: 6VKV. .................................. 15 

Figure 7. Grid Box of HIV-1 Capsid Monomer. PDB id: 6VKV. ................................ 17 

Figure 8. Illustration of production and purification process of HIV-1 capsid protein.21 

Figure 9. Docking result of Lenacapavir bound to the HIV-1 capsid was superimposed 

on HIV-1 CA and Lenacapavir complex crystal structure ............................ 28 

Figure 10. Docking result of PF74 bound to the HIV-1 capsid was superimposed on HIV-

1 CA PF74 complex crystal structure. .......................................................... 29 

Figure 11. Classification of 279 secondary metabolites. ............................................... 31 

Figure 12. Five binding sites of HIV-1 CA protein. ....................................................... 32 

Figure 13. SDS-PAGE gel analysis image of the HIV-1 Capsid protein production ..... 37 

Figure 14. Elution profile of HIV-1 capsid protein purification by SP cation exchange 

chromatography ............................................................................................ 37 

Figure 15. Chromatographic elution profile of the second purification step of HIV-1 

capsid protein on a Q-Sepharose anion exchange column ........................... 38 

Figure 16. SDS-PAGE analysis of HIV-1 CA protein purification steps ....................... 39 

Figure 17. SDS-PAGE analysis of HIV-1 Capsid Hexamer ........................................... 40 

Figure 18. Effect of different concentrations of the tested natural compounds on in vitro 

oligomerization of HIV-1 capsid protein ...................................................... 42 

Figure 19. Docking pose of ATB-01 with HIV-1 CA monomer. .................................... 43 

Figure 20. Docking pose of ATB-05 with HIV-1 CA monomer. .................................... 44 

Figure 21. In vitro CA assemblies and tri-hexamer center. ............................................ 45 

Figure 22. Tri-hexamer center complex was created for docking PDB id: 3J34. .......... 44 

 

 



ix 

 

Figure                                                                                                                                Page 

Figure 23. Best (A) and second best (B) Docking poses of ATB-01 with CA tetramer 

(PDB id: 3J34) .............................................................................................. 46 

Figure 24. LigPlot analysis of Docking poses of ATB-01 with CA tetramer. ................ 47 

Figure 25. Best (A) and second best (B) Docking poses of ATB-01 with CA tetramer 

(PDB id: 3J34) .............................................................................................. 47 

Figure 26. LigPlot analysis of Docking poses of ATB-05 with CA tetramer (PDB id: 

3J34).. ............................................................................................................ 48 

Figure 27. Conditions tested for DSF optimization. ...................................................... 49 

Figure 28. Melting temperature curve (A) and derivative of the melting temperature 

curve (B) of HIV-1 CA protein (5 uM). ........................................................ 50 

Figure 29.  Melting temperature (Tm) of HIV-1 capsid (CA) protein is shown as bar graph 

in the presence of selected natural compounds in DSF experiment. ............ 51 

Figure 30. Differential scanning fluorimetry (DSF) data showing the effect of MD-MG-

03 molecule on HIV-1 CA protein at a concentration of 50 µM. ................. 53 

Figure 31. Interaction profile of the highest scoring docking position of the MD-MG-03 

molecule with HIV-1 capsid protein. ............................................................ 55 

Figure 32. Interaction profile of the highest scoring docking position of the MD-MG-04 

molecule with HIV-1 capsid protein. ............................................................ 56 

Figure 33. Logarithmic curve examining the dose-dependent effect of MD-MG-03 

molecule binding to HIV-1 capsid protein on thermal stability. ................... 58 

Figure 34. Best (A) and second best (B) Docking poses of MD-MG-03 with CA tetramer 

(PDB id: 3J34). ............................................................................................. 59 

Figure 35. LigPlot analysis of Docking poses of MD-MG-03 with CA tetramer (PDB id: 

3J34). ............................................................................................................. 60 

Figure 36. Docking poses of MD-MG-04 with CA tetramer (PDB id: 3J34) ................ 60 

Figure 37. LigPlot analysis of Docking poses of MD-MG-04 with CA tetramer (PDB id: 

3J34). ............................................................................................................. 61 

 

 

 

 



x 

 

LIST OF TABLES 
 

 

Table                                                                                                                                Page 

Table 1. Known natural compounds with reported activity .......................................... 9 

Table 2. HIV-1 Capsid Oligomerization Reaction Components and Quantities ........ 24 

Table 3. DSF Reaction Components and Quantities .................................................. 26 

Table 4. AutoDock Vina scores of Lenacapavir and PF74. ........................................ 30 

Table 5. AutoDock Vina results of experimentally tested triterpenoid compounds. .. 33 

Table 6. AutoDock Vina scores of other experimentally tested non-triterpenoid 

compounds. ................................................................................................... 35 

Table 7. Melting temperature change of HIV-1 capsid (CA) protein in the presence of 

selected natural compounds (50 µM)............................................................ 51 

Table 8. Melting temperature effect of MD-MG-03 on Capsid Hexamer .................. 54 

Table 9. Docking Results of 279 Molecules on HIV-1 CA Monomer Using AutoDock 

Vina ............................................................................................................... 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1. Human Immunodeficiency Virus Type 1 (HIV-1) 

 

 

 Human immunodeficiency virus (HIV) is a pathogen that compromises the 

immune system by attacking white blood cells. If left untreated, the infection can progress 

to its most severe stage, known as acquired immunodeficiency syndrome (AIDS). HIV 

weakens the immune system and reduces an individual's ability to defend itself against 

infections. The virus is transmitted through bodily fluids such as blood, breast milk, 

semen, and vaginal secretions. Additionally, HIV can be passed from mother to child 

during childbirth or breastfeeding (World Health Organization 2024). 

 The transmission of HIV can be prevented by pre-exposure prophylaxis and HIV 

infection can be managed with antiretroviral therapy (ART). Without treatment, the virus 

may gradually advance to AIDS over several years. In 2023, an estimated 39.9 million 

(36.1 million- 44.6 million) people worldwide were living with HIV. During the same 

year, approximately 1.3 million (1 million–1.7 million) new HIV infections occurred, 

while 630,000 (500,000–820,000) individuals lost their lives due to AIDS-related 

illnesses. Access to antiretroviral therapy (ART) has significantly improved, with 30.7 

million (27–31.9 million) people receiving treatment in 2023. Since the beginning of the 

HIV epidemic, a total of 88.4 million (71.3 million–112.8 million) individuals have been 

infected with the virus, and 42.3 million (35.7 million–51.1 million]) people have died 

from AIDS-related complications (UNAIDS 2025). 
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1.2. Structure and Function of the HIV-1 Capsid Protein 

 

 

 The human immunodeficiency virus type 1 (HIV-1) capsid protein (CA) is a 

pivotal component of the viral life cycle, acting as both a structural component and a key 

modulator of infection. The CA protein forms the conical core of the virus (Figure 1), 

enclosing the viral RNA genome and essential enzymes for reverse transcription and 

integration into the host genome (Ganser-Pornillos, Yeager, and Sundquist 2008). The CA 

protein plays a crucial role in both the early and late phases of the HIV-1 life cycle, 

interacting with various host cell factors that have been identified as direct binding 

partners (Rossi et al. 2021). 

 

 

 

 

Figure 1. A schematic of the HIV-1 virion (Source: Rossi et al. 2021). 

 

 

 Structurally, CA is divided into two distinct domains: the N-terminal domain 

(NTD) and the C-terminal domain (CTD), connected by a flexible linker region. The NTD 

comprises seven α-helices (α1–α7), a β-hairpin, and an extended cyclophilin A (CypA)-

binding loop, while the CTD consists of four α-helices (α8–α11), a short 310-helix, and 

the major homology region (Figure 2). The stability and assembly of the capsid are 

governed by multiple CA-CA interactions. NTD-NTD contacts between CA monomers 

reinforce the formation of hexamers and pentamers, creating a central pore with the β-
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hairpin at the gate. Additionally, NTD-CTD interactions between adjacent monomers 

further stabilize these structures. CTD-CTD interactions contribute to dimeric and 

trimeric interfaces, facilitating the organization of hexamers and pentamers into a stable 

lattice. These structural features establish at least three distinct binding interfaces for host 

factors, which influence capsid function and viral replication. This protective shell is 

composed of approximately 1,500 CA monomers that self-assemble into a fullerene-like 

lattice consisting of 250 hexamers and 12 pentamers, which determine the stability and 

morphology of capsid (Ganser-Pornillos, Yeager, and Pornillos 2012; Pornillos et al. 

2009; Yu et al. 2020; Dwivedi et al. 2024). 

 

 

 

 

Figure 2. Structural assembly of the HIV-1 CA from monomeric to conical CA core           

(Source: Dwivedi et al. 2024). 

 

 

 Functionally, HIV-1 capsid plays a critical role in multiple stages of viral infection 

(Figure 3). Following viral entry, it protects the viral genome from host immune 

recognition while enabling efficient reverse transcription within the host cytoplasm 

(Jacques et al. 2016) Capsid also interacts with cellular proteins such as cyclophilin A 

(CypA) and nucleoporins, which facilitate nuclear import and determine the preferred 
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sites of viral integration (Matreyek and Engelman 2011; Di Nunzio 2013). The capsid 

core traffics towards the nucleus while the viral RNA genome is reverse transcribed into 

DNA within an intact capsid shell, a process influenced by host factors such as IP6, which 

stabilizes the capsid structure to promote efficient reverse transcription (Mallery et al. 

2018). Capsid protein further mediates nuclear entry by directly engaging with 

nucleoporins like Nup153 and CPSF6, guiding the pre-integration complex (PIC) through 

the nuclear pore complex (NPC) (Matreyek and Engelman 2011; Burdick et al. 2017). 

This interaction is essential for HIV-1 to traverse the nuclear envelope, allowing the viral 

genome to integrate into transcriptionally active regions of the host genome (Hulme, 

Perez, and Hope 2011). Mutations affecting capsid stability or its interactions with host 

factors can significantly impair viral replication, highlighting the capsid's critical role in 

coordinating HIV-1 infection (Bester et al. 2020). 

 The capsid not only regulates early infection events but also has a role in later 

stages of the viral life cycle. During the early phase of replication, CA promotes reverse 

transcription and nuclear import. Recent findings suggest that CA remains functionally 

relevant even after nuclear entry, influencing integration site selection and subsequent 

transcriptional activity of the viral genome (Gifford and Melikyan 2024). In the late stages 

of infection, CA regulates the formation of a hexameric lattice essential for assembling 

immature virions. It also plays a crucial role in the maturation process, ensuring the 

correct assembly of the capsid core that encapsulates the viral genome and associated 

proteins within infectious virions (Campbell and Hope 2015). 

 Due to its multifunctional nature, HIV-1 capsid protein is a prime target for 

antiviral drug development. Disrupting its assembly, stability, or host interactions could 

provide new therapeutic strategies to inhibit viral replication at multiple checkpoints. 
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Figure 3. Life Cycle of HIV-1 virus (Source: Rossi et al. 2021). 

 

 

1.3. Anti-Viral HIV-1 Drugs 

 

 

Combination antiretroviral therapy (cART) has significantly reduced AIDS-

related deaths, enabling HIV infected individuals to achieve a near normal life 

expectancy. However, while cART effectively suppresses viral replication, a functional 

cure remains elusive, and lifelong treatment is still necessary. Antiviral therapies for HIV-

1 primarily target various stages of the viral life cycle, including reverse transcription, 

integration, and proteolytic maturation (McGraw et al. 2024). While most cART regimens 

are taken orally once daily, recent advancements include long-acting injectable treatments 

like Cabenuva, an INSTI/NNRTI combination approved in 2021 for monthly or bi-

monthly use. The HIV-1 capsid has emerged as a highly promising antiviral target due to 

its essential role in multiple stages of infection, including viral uncoating, reverse 

transcription, nuclear import, and virion assembly (Campbell and Hope 2015). Targeting 
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the capsid allows for the disruption of critical interactions between the virus and host 

cellular factors, thereby hindering viral replication (Zhuang and Torbett 2021). 

Lenacapavir (Figure 4), a first-in-class long-acting capsid inhibitor, represents a 

breakthrough in HIV-1 treatment by directly binding to the capsid protein (Link et al. 

2020). Unlike conventional therapies that focus on viral enzymes such as reverse 

transcriptase, protease, and integrase, Lenacapavir interferes with capsid stability and 

function, leading to impaired viral replication by targeting multiple stages of the viral 

lifecycle. Specifically, it binds to the interface of CA monomers, disrupting capsid 

assembly and disassembly processes essential for viral infectivity (Paik 2022). By 

targeting a structurally conserved region of the capsid, Lenacapavir exhibits a high barrier 

to resistance, making it a potent addition to the antiviral arsenal (Jogiraju et al. 2024). 

Beyond FDA-approved drugs, several small molecules have been identified as 

potential HIV-1 capsid inhibitors. These include PF-3450074 (also known as PF74), 

which binds to the N-terminal domain of the CA protein, interfering with capsid-host 

interactions crucial for viral replication (Shi et al. 2010). BI-2 is another small molecule 

that targets the same binding pocket as PF74, demonstrating potent inhibition of capsid 

function (W. Wang et al. 2017). CAP-1 and CAP-2 are the first small-molecule inhibitors 

of the HIV-1 capsid, identified through computational screening for binding to the CA-

NTD domain. CAP-1 disrupts mature capsid assembly by blocking CA-NTD/CA-CTD 

interactions. Another inhibitor, CAI, a 12-residue peptide, blocks both immature and 

mature capsid assembly in vitro but cannot penetrate cells. Studies suggest CAI peptide 

has an allosteric effect on immature assembly and directly binds the CTD pocket during 

mature assembly (Thenin-Houssier and T. Valente 2016). The continuous exploration of 

small molecules targeting HIV-1 CA highlights the importance of capsid inhibition as a 

viable antiviral strategy. 
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Figure 4. Lenacapavir (GS-6207) | HIV-1 Capsid Inhibitor (“Lenacapavir | 

C39H32ClF10N7O5S2 | CID 133082658 - PubChem,” n.d.). 

 

 

1.4. Natural Products Antivirals 

 

 

Natural products, mainly secondary metabolites derived from microorganisms, 

fungi and plants have been a rich source of bioactive compounds with therapeutic 

potential. Secondary metabolites are organic compounds that are not directly involved in 

the growth, development, or reproduction of an organism but play essential roles in 

interactions, including defense against pathogens and adaptation of environmental stress.  

Many clinically approved drugs, including antiviral agents, are either directly obtained 

from natural sources or inspired by their structure (Newman and Cragg 2020). Their 

complexity, structural diversity and distinct pharmacological activities, shaped by natural 

selection and evolutionary pressures over millennial make them valuable candidates for 

developing new treatments, especially against challenging viral infections such as HIV-1 

(Serna-Arbeláez et al. 2021; Srivastava et al. 2025). 

The antiviral potential of natural products has been extensively explored, leading 

to the discovery of molecules that interfere with different stages of viral replication. These 

include entry inhibitors, reverse transcriptase inhibitors, protease inhibitors, and 

compounds that modulate the host immune response (Jassim and Naji 2003). The ability 
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of natural compounds to interact with viral proteins or disrupt essential host-virus 

interactions highlights their significance in drug development (Srivastava et al. 2025). 

Several natural products and their derivatives have demonstrated anti-HIV 

activity by interfering with main viral processes. For instance, betulinic acid, a triterpene 

derived from plants such as Quisqualis fructus, Syzygium claviflorum etc., functions as 

an HIV-1 maturation inhibitor by disrupting the processing of the viral Gag polyprotein. 

Bevirimat is derived from betulinic acid compound that targets the capsid-spacer peptide 

1 (CA-SP1) cleavage site, thereby preventing the formation of infectious virion (Serna-

Arbeláez et al. 2021). Recent studies have also identified other natural compounds with 

potential anti-HIV activity. For example, griffithsin, a lectin derived from Griffithsia 

species, exhibits potent antiviral activity by binding to HIV-1 envelope glycoprotein 

gp120 and blocking viral entry. (Lusvarghi and Bewley 2016). 

 

 

1.5. Known Bioactive Compounds in the Natural Product Library 

Used in this Thesis 
 

 

 Several compounds included in the natural product library screened in this study 

are well-documented for their diverse bioactivities related to human health (Table 1). For 

instance, asiatic acid and asiaticoside, both derived from Centella asiatica, are widely 

recognized for their anti-inflammatory and wound-healing properties and have 

demonstrated antiviral activity, particularly against hepatitis B virus (R. Li et al. 2024; 

Jaisi et al. 2021). Astragaloside IV, a triterpenoid saponin found in Astragalus species, has 

shown immunomodulatory effects and antiviral activity against influenza and hepatitis B 

viruses (S. Wang et al. 2009). Quercetin, rutin, and fisetin, common dietary flavonoids, 

have been reported to possess broad-spectrum antiviral activities, including inhibition of 

dengue and chikungunya virus replication (Di Petrillo et al. 2021). In addition, 

chlorogenic acid and ferulic acid have shown inhibitory effects against influenza and 

enterovirus 71, respectively (X. Li et al. 2013; DIng et al. 2017), while ellagic acid has 

been studied for its potential to suppress viral replication and modulate cytokine 

production (Sharifi-Rad et al. 2022). Notably, glycyrrhetinic acid, a compound used in 

traditional medicine, has demonstrated antiviral activity against hepatitis B virus and 
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Kaposi’s sarcoma-associated herpesvirus (Zuo et al. 2023). In addition, oleandrin, a 

cardiac glycoside, has been reported to exhibit in vitro antiviral effects, including HIV 

(Prassas and Diamandis 2008). 

 These findings underscore the functional and structural diversity of the natural 

compound library used in this study and provide further rationale for their evaluation as 

potential inhibitors of the HIV-1 capsid protein. 

 

 

Table 1. Known natural compounds with reported activity. 

 

 

(cont. on next page) 
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Table 1. (cont.) 

 

 

 

 

1.6. Microorganism and Endemic Plant Diversity of Türkiye 

 

 

 Türkiye is recognized as a biodiversity hotspot, hosting a vast array of endemic 

plant species and diverse microbial populations due to its unique geographical location, 

varied climate conditions, and rich ecosystems. The country spans multiple 

phytogeographical regions, including the Mediterranean, Irano-Turanian, and Euro-

Siberian zones, each contributing to its exceptional floristic diversity. Approximately 32% 

of Türkiye's plant species are endemic, making it a significant reservoir for bioactive 

secondary metabolites with potential pharmaceutical applications (Türe and Böcük 2010; 

Noroozi et al. 2019; Tekman et al. 2024).  

 The high endemism in Türkiye has drawn scientific interest, particularly in the 

field of natural product chemistry. Many endemic plants have been studied for their 

secondary metabolite content, which plays a crucial role in plant defense mechanisms and 

possesses therapeutic potential. Species from genera such as Astragalus have been 

extensively investigated for their bioactive compounds, including alkaloids, flavonoids, 

terpenoids, and saponins, which have demonstrated antiviral, antimicrobial, and anti-

inflammatory properties (Aslanipour et al. 2017; Gülcemal, Aslanipour, and Bedir 2019; 

Yesilada et al. 2005; Gezer et al. 2022).  
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 The rich biodiversity of Türkiye continues to be an invaluable source for the 

discovery of novel secondary metabolites. Further research into endemic plant and 

microbial species has the potential to uncover new bioactive compounds that could serve 

as lead candidates in drug development, particularly for antiviral and antimicrobial 

therapies (Şener and Orhan 2005; Heydari, Gözcelioğlu, and Konuklugil 2019; Sener and 

Orhan 2011).  

 

 

1.7. Molecular Docking Approaches Using Natural Molecule Libraries 

 

 

 Molecular docking is a widely used computational technique in drug discovery 

that predicts the interaction between small molecules and target proteins. This method 

plays a crucial role in identifying potential antiviral agents by screening large libraries of 

natural compounds and evaluating their binding affinities to viral proteins. Given the 

structural diversity and bioactive potential of natural products, molecular docking offers 

a powerful approach for exploring their therapeutic potential against HIV-1 (Zubair et al. 

2020; Terefe and Ghosh 2022). 

 Natural molecule libraries, composed of secondary metabolites from plants, fungi, 

and microorganisms, provide a vast chemical space for identifying novel inhibitors 

targeting HIV-1 proteins. Many docking studies have successfully identified natural 

compounds with high binding affinities for essential viral targets, including reverse 

transcriptase, protease, integrase, and capsid proteins (Atanasov et al. 2021; Terefe and 

Ghosh 2022). For instance, virtual screening of flavonoids, alkaloids, and terpenoids has 

led to the discovery of molecules that exhibit inhibitory activity against HIV-1 enzymes, 

thereby disrupting key steps in the viral replication cycle (Newman and Cragg 2020).

 Recent studies have increasingly focused on targeting the HIV-1 capsid, an 

essential structural component involved in multiple stages of the viral life cycle. 

Computational docking has been instrumental in identifying natural compounds capable 

of interfering with capsid assembly and stability. Therefore, docking studies have 

facilitated the selection of promising candidates for experimental validation 

(Kobayakawa et al. 2024; Lamorte et al. 2013). A recent study identified novel HIV-1 

capsid inhibitors targeting the PF74 binding site using structure-based virtual screening. 
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Screening 1.6 million compounds from the ZINC database, researchers refined the top 

candidates with binding free energy calculations. Two compounds, ZINC520357473 and 

ZINC4119064, targeting the capsid hexamer, suggesting their potential as new inhibitors 

by binding to an unexplored sub-pocket of the capsid dimer interface. This study indicates 

the effectiveness of computational screening in discovering novel HIV-1 capsid inhibitors 

(Sun et al. 2022).  

 Several molecular docking tools are widely used for screening small molecules, 

including AutoDock Vina, DOCK, and Glide. AutoDock Vina, an open-source docking 

program, is particularly popular due to its efficiency in predicting ligand-protein 

interactions and its improved scoring function compared to its predecessor, AutoDock 

(Agu et al. 2023).In molecular docking simulations, different software tools handle the 

flexibility of proteins and ligands in varying ways. AutoDock Vina, for instance, typically 

treats the protein as rigid while allowing the ligand to be flexible, optimizing its binding 

pose within the active site (Trott and Olson 2010). 

 

 

1.8. Differential Scanning Fluorometry (DSF) in Drug Screening 

 

 

 Differential scanning fluorimetry (DSF) is a rapid, affordable, and widely 

accessible biophysical technique commonly employed in drug discovery to evaluate 

protein stability and identify potential ligands that bind to specific target proteins. DSF 

(Figure 5) works by monitoring fluorescence signal intensity changes of a dye that binds 

to exposed hydrophobic regions of the protein as it unfolds with heat, enabling the 

measurement of the melting temperature (Tm) of the protein, which reflects protein’s 

thermal stability (Niesen, Berglund, and Vedadi 2007). This technique has become 

increasingly important in early-stage drug development, particularly in high-throughput 

screening, as it allows for the rapid identification of small molecules that can bind to and 

modulate protein function (Gao, Oerlemans, and Groves 2020). 

 DSF has been shown to be particularly useful for screening large chemical 

libraries to discover potential inhibitors or stabilizers of therapeutic targets. By observing 

shifts in Tm, researchers can identify compounds that bind to proteins, offering a valuable 

tool for drug development. The ability to conduct protein-ligand interaction studies in a 
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highly sensitive, cost-effective manner, and high-throughput format has made DSF a 

preferred method in the pharmaceutical industry (Pantoliano et al. 2001). Furthermore, 

DSF provides a straightforward and efficient way to assess the effects of various ligands 

on protein stability, making it an indispensable tool in modern drug discovery workflows.  

 

 

 

 

 

 

 

1.9. Aim of the Thesis 

 

 

 The aim of this study was to investigate the antiretroviral drug potential of natural 

products derived from microorganisms and plants from Türkiye on the HIV-1 capsid (CA) 

protein. To achieve this, molecular docking analyses were conducted to evaluate the 

potential interactions between HIV-1 CA and 279 natural molecules previously isolated 

in Bedir Group. Based on the docking results, selected molecules with high binding 

affinity were further analyzed to assess their effects on CA oligomerization kinetics and 

thermal stability. This research contributes to the discovery of novel anti-HIV-1 agents 

from rich biodiversity of Türkiye and provides valuable insights into their potential 

mechanisms of action. 

Figure 5. Differential Scanning Fluorometry Assay. (Source: Link et al. 2020) 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

 

2.1. Molecular Docking Procedure 

 

 

2.1.1. Protein Input Preparation Process for Molecular Docking 

 

 

 The Protein Data Bank (PDB) is the only global repository of biological 

macromolecule structural data. The structures are determined by methods including X-

ray crystallography, cryogenic electron microscopy (cryo-EM), and nuclear magnetic 

resonance (NMR). The data in the PDB is derived from sources such as three-dimensional 

coordinates, crystal structure information, macromolecular sequences, and organismal 

origins.  (Berman 2000). The structure of the HIV-1 capsid protein has been determined 

many times by X-ray crystallography, NMR and cryo-EM methods (Pornillos et al. 2009; 

Gres et al. 2015; Byeon et al. 2009). For docking studies, the HIV-1 capsid structure with 

PDB code 6VKV (Bester et al. 2020) was selected as the most suitable structure in the 

protein database.  

 To prepare HIV-1 capsid protein (PDB ID: 6VKV) for docking studies, the 

following steps were carried out using Chimera software. The 6VKV structure represents 

a multimeric complex. Since this study specifically focuses on the HIV-1 capsid 

monomer, a single monomer was selected for the docking analysis. The monomer of 

interest was saved using Chimera’s selection tools. The other remaining models and 

ligands were also removed to avoid interference with the docking process. After 

completing these steps, the prepared monomeric protein was saved as a separate .pdb file 

(Figure 6). A test docking setup was initiated in Chimera’s AutoDock plugin with default 

parameters to prepare and save the monomeric protein in pdbqt format. During the test 
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setup, polar hydrogens were automatically added to the protein, non-polar hydrogens 

were merged and Kollman charges were assigned to the protein. The final pdbqt file 

containing the structure of the monomer was ready for molecular docking studies. 

 

 

 

 

 

 

 

2.1.2.  Ligand Input Preparation Process for Molecular Docking 

 

 

 The library of 279 secondary metabolites isolated from plants and microorganisms 

provided by Bedir Group has not been previously investigated for interactions with the 

HIV-1 capsid protein. As part of this study, the interactions between these molecules and 

the HIV-1 capsid protein were examined using molecular docking methods.  

 The natural product library was initially provided in SMILES (Simplified 

Molecular Input Line Entry System) format, which represents the molecular structure in 

a compact, text-based form. Each SMILES string was converted into a 3D molecular 

Figure 6. 3D structure of HIV-1 CA monomer. PDB id: 6VKV, visualized using UCSF 

Chimera. 
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structure using the Chimera software. The generated 3D structures were saved in .pdb 

format, compatible with molecular docking workflows. The ligands in .pdb format were 

imported into Chimera’s AutoDock Vina plugin. A test docking setup was performed, 

during the test setup, addition of polar hydrogens, calculation of charges, conversion of 

the structure into the .pdbqt format was applied. The processed.pdbqt files were then used 

for molecular docking simulations with HIV-1 capsid protein. 

 

 

2.1.3. Molecular Docking Environment Setup 

 

 

The molecular docking studies were conducted using AutoDock Vina, executed 

within the Google Colab environment. To perform docking simulations Google Colab, 

which is a cloud-based platform, was utilized. Python scripts was used to install the 

required tools, including AutoDock Vina. The scripts contained instructions for managing 

and uploading ligand and protein files. Define the docking settings, including 

exhaustiveness and grid dimensions.  

 

 

2.1.4. Grid Box Setup 

 

 

 The grid box for docking was defined using the Chimera software. HIV-1 capsid 

protein is known to have five potential binding sites, but the exact binding site for the 

ligands in this study is unknown (McFadden et al. 2021). Therefore, a blind docking was 

employed in this study. Blind docking approach evaluates ligand interactions across the 

entire protein surface rather than focusing on predefined binding sites.  

 The grid was defined to encompass the entire protein structure that ensures all 

potential binding regions were included in docking simulations. Grid box dimensions and 

center were set as X 71 Y 71 Z 71 and X 7 Y -67 Z 2, respectively (Figure 7). 
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Figure 7. Grid Box of HIV-1 Capsid Monomer. PDB id: 6VKV, visualized using UCSF 

Chimera. 

 

 

2.1.5. Execution of Docking Process 

 

 

Molecular docking was performed using AutoDock Vina (version 1.2.3) to 

evaluate the binding interactions between the HIV-1 CA protein and a set of 290 ligands. 

AutoDock Vina is a widely used molecular docking software that predicts ligand binding 

affinities by searching for optimal conformations within a defined grid space (Trott and 

Olson 2010). 

 To efficiently execute the docking process, computations were carried out in the 

Google Colab environment. Google Colab is a cloud-based platform that provides free 

access to GPUs and allows users to run Python scripts and command-line tools without 

requiring local installations. This platform simplifies the execution of computationally 

intensive tasks such as molecular docking while ensuring reproducibility and ease of 

access. 

 AutoDock Vina (v1.2.3) was downloaded and set up in Google Colab by obtaining 

the executable file from the official GitHub repository. The file was configured for ease 
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of use, with necessary execution permissions adjusted and an alias created to simplify 

command usage. 

Docking simulations were conducted by specifying the receptor file, ligand file, 

and grid box dimensions. The process generated output files containing predicted binding 

poses and binding affinities for each ligand. These results were analyzed to identify 

compounds with strong binding potential to the HIV-1 CA protein. 

 

 

2.1.6. Visualization of Docking Results Using Chimera 

 

 

 After performing molecular docking with AutoDock Vina, the docking results 

were analyzed and visualized using Chimera. The output file generated from the docking 

process (ligand.pdbqt) was loaded into Chimera alongside the receptor structure to assess 

ligand binding positions and interactions. 

The docking results were visualized using the following steps. The HIV-1 capsid 

protein (6vkvmodified.receptor.pdbqt) was opened in Chimera using, File → Open → 

Select receptor. The docked ligand (ligand.pdbqt) was opened in Chimera using, Tools → 

Stucture/Binding Analysis → ViewDock. 

 

 

2.1.7. PDBsum Analysis 

 

 

 The interaction profiles of protein-ligand complexes were analyzed using the 

PDBsum web server (Wallace, Laskowski, and Thornton 1995). Two-dimensional 

interaction maps were obtained by uploading the PDB format files of the protein-ligand 

complexes obtained as a result of docking studies via LIGPLOT tool of PDBsum. Within 

the scope of this analysis, hydrogen bonds and hydrophobic interactions were detected 

and the binding modes of the ligands to the target protein were evaluated. Visualizations, 

interaction distances and possible amino acids contacted were automatically reported, and 

the interaction intensity and diversity were interpreted. 
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2.2. Production and Purification of HIV-1 Capsid Protein 

 

 

2.2.1. Transformation of pet11a to BL21(DE3) Competent Cells 

 

 

 The wild-type HIV-1 CA gene sequence was cloned into the pET-11a expression 

plasmid. The plasmids carrying the HIV-1 CA gene were introduced into E. coli 

BL21(DE3) competent cells through transformation. First, the competent cells were 

thawed on ice for 2 to 20 minutes, while the plasmid stocks were retrieved from -20°C 

and placed on ice for equilibration. For each transformation, 1 µl of plasmid DNA was 

added to 50 µl of competent cells, and the mixture was incubated on ice for 5 to 20 

minutes to facilitate DNA uptake. Following incubation, the cells underwent a heat shock 

treatment at 42°C for 45 seconds in a water bath, immediately followed by rapid cooling 

on ice for 2 minutes. To aid recovery, 950 µl of LB medium was added to each 

transformation mixture, and the cultures were incubated at 37°C for 1 hour with shaking 

at 220 RPM. For selection, the transformed cultures were spread onto LB agar plates 

supplemented with 0.1 mg/ml ampicillin, then incubated overnight at 30°C. The 

remaining cultures were centrifuged at 7000 RPM for 1 minute to concentrate the cells. 

After discarding 800 μl of the supernatant, the cell pellets were resuspended by pipetting. 

Then, 70 μl of the resuspended cells was spread onto a separate LB agar plate containing 

0.1 mg/ml ampicillin and incubated overnight at 30°C. 

 

 

2.2.2. Production of HIV-1 Capsid Monomer 

 

 

 HIV-1 capsid protein was produced and purified by following the production and 

purification method (Figure 8) in the article by (Pornillos et al. 2010). For production of 

HIV-1 capsid protein, tranformed colonies were used. The next day, a single colony from 

the overnight-grown plates was picked and inoculated into a 50 ml falcon tube containing 

5 ml of TB medium supplemented with 0.1 mg/ml ampicillin. The cultures were incubated 

overnight at 37°C with shaking at 220 RPM to allow bacterial growth. To preserve the 
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transformed bacterial strains for future protein expression experiments, glycerol stocks 

were prepared by mixing 500 µl of overnight culture with 500 µl of sterile 50% glycerol. 

These stocks were then stored at -80°C for long-term preservation. A 5 ml overnight 

culture (corresponding to 2% of the total media volume) was inoculated into 250 ml of 

fresh TB medium (in a 2 L Erlenmeyer flask) supplemented with 0.1 mg/ml ampicillin 

and 0.025 mg/ml chloramphenicol. The culture was incubated at 37°C with shaking at 

220 RPM until the optical density at 600 nm (OD₆₀₀ₙₘ) reached approximately 0.8. Once 

the OD value reached ~0.8, 0.5 mM IPTG was added to induce protein expression. 

Following induction, the culture was incubated overnight at 25°C with shaking at 220 

RPM under cooling conditions. The next morning, the entire culture was centrifuged at 

3200 RPM and 4°C for 40 minutes to collect the cells. The resulting cell pellet was stored 

at -20°C for further processing.  

 

 

2.2.3. Purification of HIV-1 Capsid Monomer 

 

 

All purification procedures were conducted at +4°C to ensure protein stability. 

The cell pellet, previously stored at -20°C, was resuspended in Lysis Buffer containing 

50 mM Tris (pH 8.0), 50 mM NaCl, 0.2% Deoxycholate, and 20 mM β-mercaptoethanol 

(βME). 

 To inhibit bacterial protease activity, 1 mM PMSF (prepared in 100% ethanol) 

was freshly added to the solution before use. The cell lysis was performed via sonication, 

and the lysate was then centrifuged at 8000–9000 RPM, 4°C for 90 minutes to remove 

cell debris. As HIV-1 CA is soluble in the supernatant, the supernatant was collected and 

filtered using a 0.45 µm syringe filter. A sample was also taken for SDS-PAGE analysis. 

The collected supernatant was subjected to 25% ammonium sulfate precipitation to 

initiate protein fractionation. The appropriate amount of ammonium sulfate was slowly 

added to the supernatant while continuously stirring on ice. Once the solution was 

thoroughly mixed, the precipitated protein was separated by centrifugation at 7500–9000 

RPM, 4°C for 40 minutes, forming a protein pellet. The pellet was resuspended in SP-

Binding Buffer (Buffer A: 25 mM MOPS, pH 6.8, and 20 mM βME) and stirred overnight 

at 4°C to allow complete solubilization. The next morning, the resuspended protein 
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solution was centrifuged again at 4000 RPM, 4°C for 40 minutes. The resulting 

supernatant was collected and filtered through a 0.45 µm membrane filter. To remove 

residual ammonium sulfate, the solution was dialyzed overnight at 4°C against the same 

SP-Binding Buffer using a 3.5 kDa MWCO dialysis membrane. On the following day, 

the dialyzed solution was filtered again using a 0.45 µm syringe filter, completing the 

pre-purification process. 

 

 

 

 

Figure 8. Illustration of production and purification process of HIV-1 capsid protein. 

 

 

 The purification of the wild-type HIV-1 CA protein was carried out using an SP 

(Sulphopropyl) Sepharose cation exchange column (GE Healthcare). The filtered protein 

sample was introduced into the SP cation exchange column via the GE Healthcare AKTA 

Pure FPLC (Fast Protein Liquid Chromatography) system. Throughout the purification 

process, fractions were collected in two stages. Prior to loading the sample, the system 

was prepared by flushing it with SP-Binding Buffer (25 mM MOPS, pH 6.8, 20 mM 

βME). The SP cation exchange column was then integrated into the system. The filtered 

protein solution was injected and washed with the binding buffer, allowing the target 

protein to adhere to the column while unbound molecules were removed. The unbound 

fractions, referred to as flowthrough samples, were collected to verify whether any of the 

target protein had failed to bind to the column. Subsequently, elution was performed using 
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SP-Elution Buffer (25 mM MOPS, pH 6.8, 20 mM βME, 1M NaCl) with a gradually 

increasing salt concentration. The elevated salt concentration facilitated the detachment 

of the bound protein from the column. The second set of fractions, known as gradient 

samples, was collected at an elution gradient of 18%–22%. 

 As a second purification step for the HIV-1 CA protein, a Q (Quaternary 

Ammonium) Sepharose anion exchange column (GE Healthcare) was utilized. For this 

step, the gradient fractions obtained from the initial chromatography were pooled together 

and subjected to overnight dialysis at 4°C using a 3.5 kDa MWCO dialysis membrane 

against Q-Binding Buffer (20 mM Tris, pH 8.0, 40 mM NaCl, 10 mM βME) to facilitate 

buffer exchange. The following day, the dialyzed solution was filtered once again using 

a 0.45 μm membrane filter before being loaded onto the Q anion exchange column in the 

GE Healthcare AKTA Pure FPLC system. The purification procedure mirrored that of the 

SP cation exchange column, employing Q-Binding Buffer (20 mM Tris, pH 8.0, 40 mM 

NaCl, 10 mM βME) for binding and Q-Elution Buffer (20 mM Tris, pH 8.0, 1 M NaCl, 

10 mM βME) for elution. Flowthrough fractions containing the purified protein were 

combined and concentrated using a Pall Macrosep Advance Centrifugal Device (10 kDa 

MWCO), then stored at -80°C. The absorbance of the concentrated sample was measured 

at 280 nm, and protein concentration was determined based on its extinction coefficient. 

Samples collected at various stages of the purification process were analyzed using SDS-

PAGE to assess protein presence and purity. 

 

 

2.2.4. Production and Purification of HIV-1 Capsid Hexamer 

 

 

HIV-1 capsid hexamer (A14C/E45C/W184A/M185A mutant) was produced and 

purified by following the production and purification method in the literature (Pornillos 

et al. 2010). Same protocol as for HIV-1 capsid monomer production was used. HIV-1 

capsid hexamer protein was purified using Q (Quaternary Ammonium) Sepharose anion 

exchange column, SP (Sulphopropyl) Sepharose cation exchange column and Size 

exclusion chromatography (SEC). 
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2.2.5. SDS-PAGE Analysis 

 

 

 The production and purification of HIV-1 CA was validated with SDS-PAGE 

analysis. The samples of before and after IPTG induction, before and after SP cation 

exchange column and before and after Q Sepharose anion exchange column were 

collected to run on a 12% SDS-PAGE gel. Following induction, a protein band 

corresponding to the expected molecular weight was anticipated, which is 25.6 kDa. For 

sample preparation, cell pellets were resuspended in 1X SDS Running Buffer (25 mM 

Tris Base, 192 mM Glycine, 0.1% w/v SDS) and diluted according to their OD values. 

The soluble protein samples were prepared by mixing 40 µL of protein solution with 10 

µL of 5X SDS Loading Dye, which contains 100 mM DTT, 1% w/v Bromophenol Blue, 

50% v/v Glycerol, 8% w/v SDS, and 250 mM Tris-HCl (pH 6.8). For resuspended cell 

pelets, A 5X SDS Loading Dye solution was added to each sample at a final concentration 

of 1X. The samples, along with a protein ladder, were then heated at 95°C for 10 minutes 

using a block heater. After heating, the samples and ladder were loaded into the gel wells 

and electrophoresed at 60V in 1X SDS Running Buffer. Upon completion, the gel was 

carefully removed, rinsed with distilled water, and transferred to a staining box containing 

Solution 1 (50% Ethanol, 10% Acetic Acid). The gel was heated in a microwave for 30 

seconds and subsequently cooled for 5 minutes on a shaker at 25°C. Solution 1 was then 

discarded, and Solution 2 (5% Ethanol, 7.5% Acetic Acid) was added along with 350 μL 

of Staining Dye (0.25% Coomassie Brilliant Blue R-250 in 95% Ethanol). The gel was 

microwaved again for 30 seconds and incubated at 25°C on a shaker for 1 hour. After 

incubation, Solution 2 was removed, and the gel was washed with distilled water for 

destaining. 

 

 

2.3. HIV-1 CA Oligomerization Assay 

 

 

 For the HIV-1 capsid protein oligomerization assay, the method in the article was 

followed with the aim of screening compounds for their potential effects on 

oligomerization kinetics (Tsiang et al. 2012). Oligomerization was monitored 
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spectrophotometrically at 350 nm by measuring light scattering due to polymerized 

tubular structures formed in high-salt conditions. To prepare the required buffers, two 

solutions were filtered using a 0.45 μm syringe filter. Buffer 1 contained 50 mM sodium 

phosphate (pH 7.4), while Buffer 2 was composed of 50 mM sodium phosphate (pH 7.4) 

and 4 M NaCl. In the first step, HIV-1 CA protein was prepared at a final concentration 

of 60 μM in Buffer 1, containing 1% DMSO, in a total volume of 24.5 μL (Table 2). 

Additionally, a blank sample (without protein) was prepared as a negative control. These 

samples were loaded into a 384-well plate. The compound solution, consisting of 0.5 μL 

of 5 mM stock in 100% DMSO, was added to each well. The plate was incubated at 25°C 

for 10 minutes. To initiate the oligomerization reaction, 25 μL of Buffer 2 was added to 

each well, bringing the final protein concentration to 30 μM and the final buffer 

composition to 50 mM sodium phosphate (pH 7.6) with 2 M NaCl. The total reaction 

volume was 50 μL. The plate was sealed with a transparent film to prevent evaporation 

and placed into a Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer. 

Absorbance measurements at 350 nm were recorded every minute for 14 hours at 25°C. 

 The blank sample was used to account for background signals, while the control 

sample provided a baseline oligomerization rate. The impact of test compounds on HIV-

1 CA oligomerization kinetics was assessed by comparing their effects on the rate and 

saturation point of the absorbance signal. The oligomerization time was determined by 

the time required to reach signal saturation, while the oligomerization rate was calculated 

from the slope of the linear phase of absorbance increase. 

 

 

Table 2. HIV-1 Capsid Oligomerization Reaction Components and Quantities. 

 

 Amounts in 50 ul reaction (ul) 

Reagents 30 uM 

Protein 

30 uM Protein with 

compounds 

Blank 

60 uM Protein (in Buffer 1) 24.5 24.5 - 

Buffer 1 - - 24.5 

DMSO 0.5 - 0.5 

Buffer 2 25 25 25 

Compound in DMSO 24.5 24.5 - 
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2.4. Differential Scanning Fluorometry Assay 

 

 

 The impact of tested compounds on the melting temperature (Tm) of the HIV-1 

CA protein was evaluated using the differential scanning fluorimetry (DSF) method, 

following established protocols (Miyazaki et al. 2017). During the optimization phase, 

various protein concentrations (5 μM and 10 μM) and reaction volumes (20 μL and 50 

μL) were assessed. The most distinct fluorescence signal was observed at a protein 

concentration of 5 μM and a reaction volume of 50 μL, which were subsequently used for 

further analyses. Additionally, SYPRO Orange dye concentrations of 1X and 2X were 

tested, with 1X providing the optimal signal. 

 The total reaction volume was set to 50 μL. The buffer was prepared at a final 

concentration of 50 mM Tris-HCl, pH 8.0 in a total volume of 10 mL. The SYPRO Orange 

fluorescent dye was diluted with dH2O from its original 5000X stock to a working 

concentration of 20X. Each reaction mixture contained 10 μM HIV-1 CA protein in a 

buffer composed of 50 mM Tris-HCl (pH 8.0) and 1 mM 2-mercaptoethanol, with 

SYPRO Orange dye (Invitrogen) added at a final concentration of 1X (Table 3).  

The samples prepared were transferred to a 96-well plate. Three different sample 

conditions were used: (i) a blank sample containing only buffer and DMSO (no protein, 

no compounds), (ii) a control sample containing protein, buffer, and 1% DMSO (without 

test compounds), and (iii) experimental samples containing protein, buffer, and test 

compounds in 1% DMSO. The amounts of reagents needed for the samples are provided 

in Table 3. 

The calculated amounts of buffer and protein for each sample were added to the 

respective wells in a 96-well plate. Lastly, SYPRO Orange fluorescent dye was added to 

each well. The plate was sealed and placed in a qPCR instrument (Roche LightCycler® 

480 Real-Time PCR). In the analysis mode, "Melting Curve" was chosen. In the 

"Temperature Targets Section," the following conditions were set: Target: 20˚C, 

Acquisition Mode: none, Hold: 00:00:15, Ramp rate: 4.4. For the next set of conditions, 

the Target was set to 90˚C, Acquisition Mode: continuous, Acquisition (per ˚C): 10, and 

Ramp rate: 0.03. The final set of conditions was Target: 20˚C, Acquisition Mode: none, 

Hold: 00:00:15, and Ramp rate: 2.2. Excitation and emission wavelengths were set to 465 

nm and 580 nm, respectively.  
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Table 3. DSF Reaction Components and Quantities. 

 

 
Negative 

Control 

Blank 

Sample 

Positive 

Control 
Experimental 

Sodium Phosphate 47 uL 47 uL 44.5 uL 44.5 uL 

100 uM HIV-1 CA - - 2.5 uL 2.5 uL 

20X SYPRO Orange 2.5 uL 2.5 uL 2.5 uL 2.5 uL 

Compound (in 100% 

DMSO) 
- 0.5 uL 0.5 uL 0.5 uL 

100% DMSO 0.5 uL - - - 

 

   

 The Tm of the protein was determined from the midpoint of the fluorescence 

signal transition in the melting curve or from the peak in the first derivative (dFI/dT) 

graph. Changes in Tm values in the presence of different compounds were analyzed to 

determine their influence on the thermal stability of the HIV-1 CA protein. All 

experiments were conducted in triplicate for reproducibility, and standard deviations of 

Tm values were calculated.  
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CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 

 

3.1. Molecular Docking Results 

 

 

 In this study, 279 natural molecules derived from plants and microorganisms were 

screened for their potential to bind the HIV-1 capsid (CA) monomer using molecular 

docking. These compounds were selected from the natural product library of Bedir group, 

representing a structurally diverse collection of secondary metabolites isolated from 

Turkish flora and microbial sources. To predict the interactions between these molecules 

and the capsid protein, AutoDock Vina (version 1.2.3.) was employed as the docking 

software due to its high accuracy and efficiency in binding affinity estimation. The 

primary aim of this screening was to identify candidate molecules capable of targeting 

key functional regions of the HIV-1 capsid, which plays a central role in viral assembly 

and replication. 

 The docking grid box was defined to encompass the entire capsid monomer 

structure, allowing for blind docking to explore all potential binding sites, as the exact 

interaction region of the test compounds was unknown. The center coordinates (X = 7, Y 

= –67, Z = 2) and dimensions (71 Å × 71 Å × 71 Å) were selected based on protein's 

structural boundaries. An exhaustiveness value of 32 was set to increase sampling 

thoroughness and ensure reliable binding predictions. During docking simulations, all 

ligands were treated as flexible while the protein was kept rigid, following AutoDock 

Vina's default protocol. 
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3.1.1. Molecular Docking Validation 

 

 

 To ensure the reliability of our molecular docking approach, a validation step was 

performed using the HIV-1 capsid protein and its known ligands, Lenacapavir and PF74. 

These compounds have been extensively studied and are known to bind a specific site on 

the capsid protein, making them ideal references for assessing docking accuracy. 

 Lenacapavir, an FDA-approved HIV-1 capsid inhibitor, binds at a pocket between 

the N-terminal and C-terminal domains of an adjacent capsid hexamer, stabilizing the 

capsid structure and interfering with viral replication (Link et al. 2020). Similarly, PF74 

targets the same binding region and disrupts capsid function (Price et al. 2014). To 

validate our docking protocol, we re-docked these ligands into their native binding sites 

using AutoDock Vina, ensuring that the predicted binding poses closely matched their 

reference structures. 

  

  

 

 

Figure 9. Docking result of Lenacapavir (purple) bound to the HIV-1 capsid was 

superimposed on HIV-1 CA and Lenacapavir complex crystal structure 

(green) (PDB id: 7RJ4), visualized using UCSF Chimera. 
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Figure 10. Docking result of PF74 (blue) bound to the HIV-1 capsid was superimposed 

on HIV-1 CA PF74 complex crystal structure (pink) (PDB id: 4XFZ), 

visualized using UCSF Chimera. 

 

 

The accuracy of the docking process was evaluated by comparing the docked 

ligand conformations to their crystallographic structures. The binding energies of 

Lenacapavir and PF74 were determined as -9.31 and -8.07 kcal/mol (Table 4), 

respectively. In line with this data, molecules from our natural molecule library with 

binding scores of approximately -7 kcal/mol or lower were evaluated as candidates for 

experimental tests (Figures 9 and 10). 
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Table 4. AutoDock Vina scores of Lenacapavir and PF74. 

 

 

 

 

3.1.2. Structural Classification of Docked Molecules 

 

 

 In this study, we classified the 279 natural compounds subjected to molecular 

docking analysis according to their structural features using NPClassifier (Kim et al. 

2021) and evaluated their distribution. Triterpenoids constituted the most common 

structural group, representing 62.7% (n = 175) of the library. Other significant classes 

included steroidal compounds (6.8%, n = 19), flavonoids (4.3%, n = 12), and polyethers 

(3.6%, n = 10). Compound classes with fewer than 10 molecules were grouped as 'Others' 

(Figure 11). 

   

 

2D Structure
AutoDock Vina Score 

kcal/mol

Lenacapavir -9.31

PF-74 -8.07
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Figure 11. Classification of 279 secondary metabolites. 

 

 

3.1.3. Molecules Tested Experimentally 

 

 

 In the selection process, not only the binding energies but also the binding sites of 

the compounds to the capsid protein were considered. In the literature, five main binding 

sites (Figure 12) have been identified on HIV-1 capsid protein (McFadden et al. 2021). 

Molecules such as Lenacapavir and PF74 are known to bind to the so-called Site 1. 

 The C-terminal domain (CTD) of the HIV-1 capsid protein contains a highly 

conserved hydrophobic groove (designated as site 3) that plays a critical role in viral 

maturation and assembly processes. In literature, this region was first identified as the 

binding site of capsid assembly inhibitor (CAI) peptide. Structural studies revealed that 

the CAI peptide binds to this hydrophobic groove between residues 169-191 on the capsid 

CTD and that this binding exerts an allosteric effect on capsid dimerization (Curreli et al. 

2011). 

 

  

63%7%

4%

4%

22%

Triterpenoids

Steroids

Flavanoids

Polyethers

Others
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Figure 12. Five binding sites of HIV-1 CA protein. Adapted from (Source: McFadden et 

al. 2021). 

 

 

 In this study, 175 of the 279 natural compounds were classified as triterpenoids 

using NPClassifier classification (Table 5) (Kim et al. 2021). Based on docking scores 

and their potential interactions with Site 3 on CA-CTD, 19 of these 175 triterpenoid 

compounds were selected for experimental testing. The structural similarities and 

hydrophobic characteristics of our molecules strengthen their potential to show CAI-like 

binding behaviors. In this study, we aimed to evaluate the compounds from different 

subclasses. The experimentally tested triterpenoids belong to subgroups representing 

various structural skeletons such as cycloartane, cucurbitane, oleanane, lanostane-

tirucallane-euphane, polypodane, dammarane-protostane and lupane. This structural 

diversity allowed us to compare the interaction of the molecules with HIV-1 capsid 

protein and enabled a more in-depth study of structure-activity relationships. Thus, not 

only the binding scores but also the differences in the biological effects of triterpenoids 

depending on their basic structural skeleton were investigated. Previously mentioned 

HIV-1 CA site 3 is a hydrophobic region and most of the triterpenoid molecules we tested 

bind to site 3 (Zhang et al. 2020). 

 Bevirimat, a triterpenoid molecule, was one of the first molecules to disrupt viral 

assembly by inhibiting the maturation process of Gag-Pol polyproteins of HIV-1 virus. 

Betulinic acid and its derivatives not only act on the capsid protein, but also interact with 
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the gp41 glycoprotein of HIV, preventing the viral fusion step (Aiken and Chen 2005). 

These triterpene compounds are important candidates for anti-HIV-1 therapies due to their 

low toxicity and broad biological effects (Blundell et al. 2020). 

 

 

Table 5. AutoDock Vina results of experimentally tested triterpenoid compounds. 

 

 

(cont. on next page) 

 

Molecule 2D Structure

AutoDock 

Vina Score 

kcal/mol

Molecule 2D Structure

AutoDock 

Vina Score 

kcal/mol

ATB-01 -6.96 Betulin -6.52

ATB-05 -7.41 B-SCG-12 -6.66

B-AG-02 -7.5 B-SKG-04 -7.58

B-AG-04 -7.08 CCPG-24 -8.27

B-AG-06 -7.72
MD-MG-

01
-7.2

B-AG-07 -7.31
MD-MG-

03
-8.58

B-CG-03 -6.91
MD-MG-

04
-7.83

B-CG-04 -6.94
MD-MG-

12
-7.11
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Table 5. (cont.) 

 

 

 

 

Although most of the compounds tested experimentally in this study were 

triterpenoids, compounds from structurally different classes were also evaluated. Based 

on their docking scores and biological activities reported in the literature, we tested 

flavonoids (n=2), steroids (n=2), polyethers (n=1), oligopeptides (n=1) and macrolides 

(n=1) (Table 6). These molecules may interact with HIV-1 capsid protein different 

mechanisms with their different structural properties and polarity levels. Especially 

flavonoids have the potential to form hydrogen bonds and π-π interactions on the protein 

surface with their polyphenolic structures (Cushnie and Lamb 2005). Similarly, steroid 

B-AG-07 -7.31
MD-MG-

03
-8.58

B-CG-03 -6.91
MD-MG-

04
-7.83

B-CG-04 -6.94
MD-MG-

12
-7.11

B-CG-08 -7.93 S-SCG-04 -8.32

B-CG-09 -6.66
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derived natural compounds are an important group of secondary metabolites capable of 

establishing effective interactions with biological targets through their stable four-ring 

carbon skeletons. Their hydrophobic nature allows them to establish strong interactions 

with particularly hydrophobic binding pockets of proteins. (Nandu and Jithesh 2024). 

 

 

Table 6. AutoDock Vina scores of other experimentally tested non-triterpenoid 

compounds. 

 

 

(cont. on next page) 

Molecule 2D Structure

AutoDock 

Vina 

Scores 

kcal/mol

SuperClass Origin

ActD -10.13 Oligopeptides Microorganism

Chlorogenic Acid -6.57 Phenylpropanoids (C6-C3) Plant

Fisetin -7.48 Flavonoids Plant

Pha-Ole-01 -7.75 Steroids Plant

Quercetin -7.4 Flavonoids Plant
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Table 6. (cont.) 

 

 

 

 

3.2. Production and Purification of HIV-1 Capsid Protein  

 

 

 In this study, a total of 1 L culture was prepared to produce HIV-1 capsid (CA) 

protein for experimental analysis. E. coli BL21 (DE3) cells carrying pET-11a/CA plasmid 

were used for protein expression and cells were grown in Terrific Broth (TB) medium. 

When the cell density reached OD₆₀₀ ≈ 0.8, induction was performed with 0.5 mM IPTG, 

and the culture was incubated overnight at 25°C. 

Cell samples taken before (uninduced) and after (induced) induction were 

analyzed on a 12% SDS-PAGE gel to confirm expression. As seen in Figure 1, lanes 1 

and 3 correspond to uninduced samples and lanes 2 and 4 correspond to samples induced 

overnight with IPTG. The band at approximately 25 kDa observed only in the induced 

samples indicates that the capsid protein was successfully produced (Figure 13). 

 

Pha-Ole-01 -7.75 Steroids Plant

Quercetin -7.4 Flavonoids Plant

Rapamycin -7.83 Macrolides Microorganism

Ruscogenin -9.11 Steroids Plant
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Figure 13. 15% SDS-PAGE gel analysis image of the HIV-1 Capsid protein production. 

1: Uninduced sample. 2: Induced sample. 3: Uninduced sample. 4: Induced 

sample. The red arrow indicates capsid protein observed at approximately 25 

kDa. 

 

 

  

 
 

Figure 14. Elution profile of HIV-1 capsid protein purification by SP cation exchange 

chromatography. The green line indicates NaCl gradient; the cyan line 

indicates UV absorbance measured at 280 nm. The UV signal peak indicates 

fractions of HIV-1 CA protein eluted from the column. 
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 Purification of HIV-1 capsid protein was performed by two-step ion exchange 

chromatography. First, the soluble lysate was loaded onto SP-Sepharose (cation 

exchange) column and a linear NaCl gradient (green line) was applied to elute the bound 

proteins. In the chromatogram shown in Figure 14, it was observed that the target protein 

was eluted in the range of approximately 18-22% NaCl concentration, with a distinct, 

cyan-colored UV peak in fractions 15, 17 and 19. 

 

 

 
 

Figure 15. Chromatographic elution profile of the second purification step of HIV-1 

capsid protein on a Q-Sepharose anion exchange column. The cyan line 

represents the UV absorbance measured at 280 nm and the green line 

represents the NaCl gradient. The sharp peak observed corresponds to 

fractions of high purity HIV-1 CA protein eluted from the column. 

 

 

The resulting SP elution fractions were then pooled and applied to a Q-Sepharose 

(anion exchange) column (Figure 15). In this step, the HIV-1 CA protein failed to bind to 

the column was collected directly in the flowthrough, corresponding to fractions 11–22 

at the peak of the chromatogram shown in Figure 15.  This two-step FPLC process yield 

high-purity CA protein. Final purity and identity were confirmed by SDS-PAGE analysis. 

The protein contents of the fractions obtained from SP and Q columns were 

analyzed by 12% SDS-PAGE gel electrophoresis. As shown in Figure 16, samples from 

each purification step were loaded into separate wells and the presence of HIV-1 capsid 

protein was monitored through the band of approximately 25 kDa. 
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Figure 16. SDS-PAGE analysis of HIV-1 CA protein throughout the purification steps. 

Wells are in order: 1: SP column injection sample. 2: SP flowthrough. 3: SP 

wash. 4: SP elution. 5: Q column flowthrough. 6: Q elution. 7: Pure HIV-1 CA 

protein concentrated after Q column. 

 

 

 Total soluble protein was observed in the SP column loading sample (well 1), 

while no target protein was observed in the flowthrough (well 2) and wash fractions (well 

3). This indicates that the capsid protein is bound to the column. A distinct 25 kDa band 

was observed in the elution fraction (well 4), which persisted in the Q column 

flowthrough (well 5) and elution (well 6) samples. Finally, an intense and isolated band 

was observed in the concentrated fraction (well 7), indicating that high purity HIV-1 CA 

protein was obtained. 

 The high purity fractions obtained after Q-Sepharose column were combined and 

concentrated to increase protein concentration. Concentration was performed using 

centrifuge filters with a cut-off of 3.5 kDa. After verifying the amount and purity of the 

concentrated protein solutions, the protein concentration was determined by measuring 

absorbance at 280 nm. 

 The equation A = 𝜀-c-l was used for concentration calculation. Here, 𝜀 (extinction 

coefficient) value was taken as 39210 M-¹-cm-¹ and l (cuvette path length) was taken as 

1 cm. As a result of the calculations, the concentrations of the two protein stock solutions 

were found to be 787 μM and 905.5 μM, respectively. These stock proteins were stored 

at -80 °C to maintain structural and functional stability. 
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Figure 17. %8 SDS-PAGE analysis of HIV-1 Capsid Hexamer 

 

 

The protein content of the fractions obtained from SEC column were analyzed by 

non-reducing 8% SDS-PAGE gel electrophoresis. As shown in Figure 17, samples were 

loaded into separate well and the presence of HIV-1 capsid hexamer was monitored. 

 

 

3.3. HIV-1 Capsid Oligomerization Assay 
 

 

The HIV-1 capsid protein (CA) plays a fundamental structural role in the life cycle 

of the virus. CA monomers associate in ordered manner by forming hexamer and 

pentamer rings, resulting in a capsid structure that forms the conical shell in the virus 

particle. This conical capsid protects the nucleic acid of HIV-1, provides stability in the 

reverse transcription process, and mediates its transport to the nucleus. Correct assembly 

of the capsid core is therefore critical for the replication and infectivity of the virus 

(Kobayakawa et al. 2021). 

Under laboratory conditions, this assembly process can be mimicked in vitro using 

a high salt buffer (usually 50 mM sodium phosphate, 2 M NaCl, pH 7.6). In this medium, 

HIV-1 CA monomers self-assemble to form tubular structures. This tubular assembly 

process can be monitored spectrophotometrically by an increase in absorbance at 350 nm. 

This method has been widely used to monitor the kinetics of capsid assembly. 

In vitro CA tubular assembly assay has also emerged as a valuable screening tool 

in drug discovery processes to assess the functional effects of small molecules interacting 
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with the capsid protein. Molecules can disrupt the correct assembly of CA monomers, 

prevent assembly or leading to the formation of abnormal structures. Known capsid 

inhibitors such as PF74, GS-CA1 and GS-6207 (Lenacapavir) have been tested with this 

method and shown to affect the capsid assembly process. For example, PF74 affects both 

oligomerization and the infection process by stabilizing or disrupting interactions 

between capsid monomers (Bhattacharya et al. 2014). Lenacapavir modulates the 

assembly process by significantly increasing CA hexamer stability and has long-acting 

antiviral potential (Link et al. 2020). 

Furthermore, this method is used to detect molecules that not only inhibit capsid 

assembly but also stabilize or accelerate CA-CA interactions. In particular, the 

interactions of small molecules identified during drug development with binding sites on 

the capsid protein can directly affect the assembly kinetics. Indeed, mutations on capsid 

can disrupt these interactions, leading to slow or accelerated assembly kinetics. This assay 

is therefore a valuable tool not only for inhibitor screening but also for understanding 

molecular mechanisms (Tsiang et al. 2012; Shi et al. 2010). 
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Figure 18. Effect of different concentrations of the tested natural compounds on in vitro 

oligomerization of HIV-1 capsid protein. The graph shows the percentage 

change in the oligomerization rate of HIV-1 capsid protein at 50 nM, 500 nM 

and 5000 nM concentrations of 26 selected natural compounds. Molecules are 

colored according to their groups, standard deviations are indicated at the ends 

of each bar. 
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In the oligomerization experiment, the strongest effects were obtained from 

ATB01 and ATB05 molecules, suggesting that these molecules may have the potential to 

bind a critical site affecting the formation of tubular capsid structures (Figure 18). 

Monomeric docking results revealed that both ATB01 and ATB05 molecules bound to site 

3 with binding energies of -6.9 and -7.4 kcal/mol, respectively (Figure 18 and 19).  In 

tubular capsid structures formed in vitro at high salt concentrations, we focused on 

molecules showing more than 50% rate change on CA. While examining the effect of the 

molecules in the oligomerization assay, the similar effect at three concentrations were 

taken into consideration. Since the ATB group molecules increased the CA tubular 

assembly rate, we also performed docking on a multimeric structure that represents all 

possible interaction sites on CA tubes. Multimer contains two adjacent CA monomers in 

a hexamer and two monomers from two different adjacent hexamers. Tri-hexameric 

interface is a junction formed by three adjacent capsid hexamers (Figure 21). Where the 

NTD (N-terminal domain) regions do not participate in the intra-hexamer interface and 

CTD-CTD interactions dominate the triple junction (Zhao et al. 2013). 

 

  

 

 

Figure 19. Docking pose of ATB-01 with HIV-1 CA monomer, visualized using UCSF 

Chimera. AutoDock Vina Score: -6.9 kcal/mol. 
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Figure 20. Docking pose of ATB-05 with HIV-1 CA monomer, visualized using UCSF 

Chimera. AutoDock Vina Score: -7.4 kcal/mol. 

 

 

 

 

 

Figure 21. Tri-hexamer center complex was created for docking PDB id: 3J34, visualized 

using UCSF Chimera. Tri-hexamer interface was indicated with a red triangle 

(PDB id: 3J34). 
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Figure 22. In vitro CA assemblies and tri-hexamer center (Source: Shen et al. 2023). The 

PDB id: 3J34 crystal structure was used to create the structure, a tetrameric 

structure was obtained by selecting a total of four monomers (subunits shown 

in dark blue, dark green and dark purple colors) interacting from three 

different hexamers. This structure was designed to cover the NTD-NTD, 

NTD-CTD and CTD-CTD interfaces, which are potential binding sites (Figure 

21). 

 

 

 ATB01 and ATB05 molecules showed binding energies of -8.89 and -9.08 

kcal/mol, respectively, on the tetrameric structure (Figure 23 and 25). These results show 

that the binding affinity is significantly increased in the multimer model. LigPlot analysis 

of the best binding pose for ATB01 and the CA multimer revealed 5 hydrogen bonds and 

numerous hydrophobic interactions at the tri-hexamer interface (Figure 24). Similarly, 

ATB05 was stabilized by both hydrogen bonds and non-bonded interactions (figure 25). 

These interactions are on critical amino acids such as LYS203, ALA204, LEU205, 

GLU213 and ILE201, which have been shown to be important in capsid stabilization in 

previous studies. It is reported in the literature that the tri-hexamer interface region is very 

important for drug development and that ligands binding to this region can affect HIV-1 

capsid assembly. CTD-CTD interactions are critical for CA proteins to polymerize into 
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tubular structures (Zhao et al. 2013). In addition, small molecules can bind to the tri-

hexamer interface and affect assembly kinetics.  

 In the light of these findings, ATB-01 and ATB-05 show strong binding potential 

to the tri-hexamer interface, suggesting that they may directly affect the oligomerization 

process and thus are potential inhibitor candidates that may disrupt the HIV-1 capsid 

assembly. 

 

 

 

 

Figure 21. Best (A) and second best (B) Docking poses of ATB-01 with CA tetramer 

(PDB id: 3J34), visualized using UCSF Chimera. (A) AutoDock Vina score: -

8.89 kcal/mol. (B) AutoDock Vina score: -8.88 kcal/mol. 
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Figure 22. LigPlot analysis of Docking poses of ATB-01 with CA tetramer (PDB id: 

3J34). Best (A) and second docking pose (B). 

 

 

 

 

 

Figure 23. Best (A) and second best (B) Docking poses of ATB-01 with CA tetramer 

(PDB id: 3J34), visualized using UCSF Chimera. (A) AutoDock Vina score: -

9.08 kcal/mol). (B) AutoDock Vina score: -8.79 kcal/mol). 
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Figure 24. LigPlot analysis of Docking poses of ATB-05 with CA tetramer (PDB id: 

3J34). Best (A) and second docking pose (B). 

 

 

3.4. Differential Scanning Fluorometry (DSF) Assay 

 

 

 Early-stage drug discovery benefits greatly from structural biology since it can 

help drive, hit compound development by elucidating the binding mechanisms of lead 

compounds. DSF has been one of the reliable preliminary screening methods in drug 

discovery for over 20 years. Minimal protein and chemical needed in DSF, together with 

its straightforward analysis, simplify screening procedures, making it an excellent choice 

for large library screening (Gao, Oerlemans, and Groves 2020). 

In this study, Differential Scanning Fluorimetry (DSF) was used to evaluate the 

effect of natural compounds on the thermal stability of HIV-1 capsid (CA) protein. DSF 

is a common and rapid biophysical analysis technique that allows fluorescence-based 

monitoring of the thermal stability of proteins. In this method, hydrophobic regions of 

proteins become accessible when proteins begin to melt with increasing temperature and 

fluorescent dyes (e.g. SYPRO Orange) bind to the hydrophobic regions of proteins 

generating a fluorescence signal (Vivoli et al. 2014; Huynh and Partch 2015). 
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 DSF is particularly valuable for drug discovery and preliminary screening studies, 

as it allows rapid assessment of whether small molecules affect the target protein’s 

thermal stability. In this direction, the Tm (melting temperature) changes of HIV-1 CA 

protein in the presence of the natural compounds   were measured; compound binding can 

increase or decrease the thermal stability of the protein.  

 In DSF assays with HIV-1 capsid (CA) protein, various parameters were first 

optimized to increase experimental reliability. Accordingly, factors such as reaction 

volume (20-50 μL), protein concentration (5-10 μM) were tested (Figure 27). The 

conditions that give the strongest and most reproducible fluorescence signal were 

determined by comparing samples prepared as a mixture and individually. 

 

 

 

 

Figure 25. Conditions tested for DSF optimization. A: 10 uM protein in 20 uL final 

volume, B: 5 uM protein in 20 uL final volume, C: 10 uM protein in 50 uL 

final volume, D: 5 uM protein in 50 uL final volume. 
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Figure 26. Melting temperature curve (A) and derivative of the melting temperature 

curve (B) of HIV-1 CA protein (5 uM). 

 

 

As a result of the optimization studies, mixtures prepared with 5 μM protein 

concentration, 50 μL reaction volume and 1X SYPRO Orange dye provided the best 

melting curve and the most accurate Tm (melting temperature) value (Figure 28). These 

conditions were used as the reference standard for the compound screening experiments. 

 We tested 26 different natural compounds to determine their effects on the thermal 

stability of HIV-1 capsid protein by differential scanning fluorimetry (DSF). The 

experiments were conducted with three replicates for each compound. In the screening 

phase, all compounds were tested at a concentration of 50 μM as a standard condition 

(Figure 29). 
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Figure 27. Melting temperature (Tm) of HIV-1 capsid (CA) protein is shown as bar graph 

in the presence of selected natural compounds (50 µM) in DSF experiment. 

 

 

 

Table 7. Melting temperature change of HIV-1 capsid (CA) protein in the presence of 

selected natural compounds (50 µM). 

 

 

(cont. on next page) 
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Table 7. (cont.) 

 

 

 

 

 The pure HIV-1 CA protein sample exhibited an average melting temperature 

(Tm) of 53.8°C. Figure 29 shows the melting temperature of HIV-1 CA protein in the 

presence of all the compounds at 50 uM concentration. In the presence of two compounds 

MD-MG-03 and MD-MG-04 the Tm value of HIV-1 capsid protein decreased 

significantly, with Tm values measured as 40.7°C and 41.4°C, respectively. The change 

in Tm values reaches -13°C and -12.4°C, respectively (Table 7). The measurements 

obtained indicate that these compounds significantly destabilize the CA protein structure 

causing it to melt at a much lower temperature.  

 In the literature, in the presence of PF74 and Lenacapavir (20 uM), HIV-1 capsid 

(7.5 uM) shows between +3°C and +8°C higher melting temperature in DSF analysis, 

respectively (Wang et al. 2020). For instance, the Tm of HIV-1 CA hexamer (15 uM) in 

the presence of PF74 (20 uM) increases +7.4°C. PF74 does not provide a change in the 

Tm of monomeric CA because the binding pocket is not fully developed in a monomer 

(McFadden et al. 2024). This suggests that compounds such as MD-MG-03 and MD-MG-

04 have a different mechanism of action than PF74-like binding mechanisms, by 

destabilizing the capsid monomer structure at the binding site in capsid monomer.  
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Figure 28. Differential scanning fluorimetry (DSF) data showing the effect of MD-MG-

03 molecule on the melting temperature of HIV-1 CA protein at a 

concentration of 50 µM. (A) Melting curves showing the raw fluorescence 

signals versus temperature. (B) The minimum on the derivative (dF/dT) plot 

represents the melting temperature (Tm) of the protein in the presence and 

absence of MD-MG-03.  
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 MD-MG-03 molecule, drastically destabilized HIV-1 CA monomer. The effect of 

the molecule on the capsid hexamer was evaluated with the same DSF protocol. However, 

the results showed that MD-MG-03 changed the melting temperature of CA monomer 

more than the hexameric form (Table 8.).  

 

 

Table 8. Change in the melting temperature of CA monomer and Hexamer in the 

presence of MD-MG-03 molecule at two different concentrations. 

 

Concentration 

of MD-MG-03 

MD-MG-03 with 

Monomer (ΔTm) 

MD-MG-03 with 

Hexamer (ΔTm) 

5 uM - 4°C - 1°C 

50 uM - 12°C - 8.4°C 

 

 

 The best binding poses from docking study of MD-MG-03 and MD-MG-04 

compounds with HIV-1 capsid protein, were analyzed in detail and the ligand-protein 

interaction profile was visualized through the LIGPLOT program on the PDBsum 

platform (Wallace, Laskowski, and Thornton 1995). LIGPLOT presents hydrogen bonds, 

hydrophobic interactions and interacting amino acid residues in two-dimensional detail. 

Analysis revealed that MD-MG-03 and MD-MG-04 localizes to a hydrophobic pocket 

known as Site 3 on the C-terminal domain (CTD) of the capsid protein (Figure 30 and 

31). According to the docking result, MD-MG-03 and MD-MG-04 molecules were found 

to form hydrophobic interactions with several key amino acids, including Tyr169, 

Leu172, Arg173, Glu187 and Met214 and hydrogen bond with Gln179 with AutoDock 

Vina score of -8.58 kcal/mol and -7.83 kcal/mol, respectively. These residues overlap 

significantly with the capsid assembly inhibitor (CAI) peptide binding site described in 

the literature and are critical for the potential antiviral activity of the molecule (Link et 

al. 2020). In addition, the hydrophobic nature of the chemical structure of MD-MG-03 

and MD-MG-04 are highly compatible with the binding site on the protein. This 

compatibility increases the potential for preferential binding of the molecule to the site 

and is supported by the low docking score observed.  
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Figure 29. Interaction profile of the highest scoring docking position of the MD-MG-03 

molecule (with HIV-1 capsid protein (PDB id: 6VKV, AutoDock Vina Score: 

-8.57 kcal/mol), visualized using UCSF Chimera. Visualization was created 

using the LIGPLOT tool on the PDBsum platform. The figure shows 

interacting amino acid residues. 
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Figure 30. Interaction profile of the highest scoring docking position of the MD-MG-04 

molecule with HIV-1 capsid protein (PDB id: 6VKV, AutoDock Vina Score: -

7.83 kcal/mol), visualized using UCSF Chimera. Visualization was created 

using the LIGPLOT tool on the PDBsum platform. The figure shows 

interacting amino acid residues. 

 

 

 The binding of MD-MG-03 and MD-MG-04 to this site occurs near the protein 

dimerization surface, indicating the potential to disrupt the oligomerization process. This 

binding pattern is also consistent with the significant decrease in melting temperature 

(ΔTm) observed by MD-MG-03 and MD-MG-04 in the DSF analysis. The results support 
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that MD-MG-03 and MD-MG-04 may disrupt the structural stability of the HIV-1 capsid 

protein. When evaluated together with the experimental findings in DSF, these 

interactions may be related to the deterioration of monomer stability rather than a direct 

effect on capsid oligomerization. In particular, the almost equal binding scores of MD-

MG-03 and MD-MG-04 in both monomer and tri-hexamer structures (Figure 31 and 32) 

support that this molecule has a binding profile that acts directly on the monomer rather 

than targeting the tubular structure. Therefore, the correlation of DSF data and docking 

scores suggests that the effects of MD-MG group molecules are mediated through the 

folding stability of HIV-1 CA monomer and this is consistent with the decreases in protein 

melting temperature. 

 In DSF analysis performed to evaluate the dose-dependent effect of MD-MG-03 

molecule on HIV-1 capsid protein, it was observed that the effect of the molecule on 

protein stability was dose-dependent when ΔTm values were plotted against the 

logarithmic concentration axis (Figure 33). In the 0.001-0.1 µM range, the ΔTm change 

was minimal, while a significant stabilization effect appeared after 0.25 µM. Increases in 

ΔTm were observed at concentrations of 5, 25 and 50 µM, respectively, and a maximum 

ΔTm increase of approximately 12 °C was recorded at 50 µM. The curve obtained shows 

the change in ΔTm versus dose on the logarithmic axis, and such a dose-response 

relationship may indicate a specific and high affinity binding profile with the target 

protein. This finding indicates that the molecule can significantly increase its thermal 

stability by binding to HIV-1 capsid protein. The R² value obtained (0.9256) supports that 

the data obtained are highly correlated with the dose-dependent trend and that this effect 

is consistently observed. This suggests that the binding affinity and stabilizing effect of 

MD-MG-03 is concentration sensitive. 
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Figure 31. Logarithmic curve examining the dose-dependent effect of MD-MG-03 

molecule binding to HIV-1 capsid protein on thermal stability. The molecule 

was tested in the range 0.001-50 μM. 

 

 

 Since MD-MG-03 and MD-MG-04 molecules affected the melting temperature 

of HIV-1 CA monomer and multimer in DSF experiments, we investigated and compared 

the docking of MD-MG-03 and MD-MG-04 molecules to both HIV-1 capsid monomer 

and multimer. For the MD-MG-03, the monomer docking score was -8.57 kcal/mol, while 

the multimer docking score was -8.56 kcal/mol (Figure 34). Similarly, for MD-MG-04, 

the monomer docking score was -7.83 kcal/mol while the multimer docking score was -

8.51 kcal/mol (Figure 36). These data reveal that there is no significant difference in 

docking score between monomer and multimer structure for MD-MG-03 and MD-MG-

04 molecules. Small variation in the docking scores might be due to the overall 

hydrophobic nature of these molecules, i.e. they don’t have many functional groups to 

form strong non-covalent interactions such as hydrogen bonds, electrostatic interactions. 

Despite showing very similar docking scores, the best docking poses for the monomer 

and multimer forms are different. Both MD-MG-03 and MD-MG-04 binds to HIV-1 CA 

CTD, site-3 on the monomer, however, on the multimer, again both molecules bind to tri-

hexamer interface (Figure 34 and 36). LigPlot analyses shows the interaction map of the 

molecules with the CA multimer in the two best docking poses (Figure 35 and 37). 
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Possible hydrogen bonding interactions between the molecules and HIV-1 CA amino 

acids are shown in green dashed lines with distances given. Other amino acids from 

different monomers (representing different hexamers in the multimer structure for 

docking) are given in different colors (green, purple and blue). From the LigPlot analysis, 

it is seen that both MD-MG-03 and MD-MG-04 molecules interact with all three 

monomers from different hexamers, thus best docked poses of both molecules are at the 

tri-hexamer interface. 

   

 

 

 

Figure 32. Best (A) and second best (B) Docking poses of MD-MG-03 with CA tetramer 

superimposed on HIV-1 CA multihexamer structure (PDB id: 3J34), 

visualized using UCSF Chimera. (A) AutoDock Vina score: -8.56 kcal/mol). 

(B) AutoDock Vina score: -8.50 kcal/mol).  
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Figure 33. LigPlot analysis of Docking poses of MD-MG-03 with CA tetramer (PDB id: 

3J34). Best (A) and second docking pose (B). 

 

 

 

 

 

Figure 34. Docking poses of MD-MG-04 with CA tetramer (PDB id: 3J34), visualized 

using UCSF Chimera. The first docking pose is in 1. (AutoDock Vina score: -

8.51 kcal/mol). Second docking pose is in 2. (AutoDock Vina score: -8.17 

kcal/mol). 
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Figure 35. LigPlot analysis of Docking poses of MD-MG-04 with CA tetramer (PDB 

id: 3J34). Best (A) and second docking pose (B). 
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CHAPTER 4 

 

 

CONCLUSION 

 

 

 HIV is a global pandemic that currently threatens public health worldwide. By 

2023, approximately 39 million people are living with HIV and millions of new cases are 

reported each year (UNIAIDS 2025). Although current antiretroviral therapy (ART) 

options slow disease progression by suppressing viral replication, there are serious 

limitations including drug resistance, toxicity, the burden of daily drug use and latent 

reservoirs of HIV. For these reasons, efforts to develop new targeted drugs against HIV-1 

are still ongoing. 

 The CA protein of HIV-1 plays a critical role at various stages of the virus life 

cycle. The CA protein is the main component of the conical capsid that surrounds viral 

RNA and is functionally involved in many steps such as viral entry, reverse transcription, 

nuclear transport and integration. This functional diversity has made the CA protein a 

highly attractive target for drug development. In particular, the conical capsid structure 

formed by hexameric and pentameric units derived from the monomeric structure of CA 

can be disrupted by drugs and the replication process of the virus can be inhibited.  

 In this study, the inhibitory potential of naturally derived secondary metabolites 

derived from plants and microorganisms on HIV-1 CA protein was evaluated. In the first 

stage of the study, 279 molecules obtained from Bedir Group were subjected to molecular 

docking against the capsid monomer via AutoDock Vina in Google Colab environment 

and 26 molecules showing good binding score were selected for experimental 

investigation. The effects of these molecules were evaluated on both the thermal stability 

of HIV-1 CA by Differential Scanning Fluorimetry (DSF) and oligomerization rate of 

HIV-1 CA. With DSF method, the effect of protein-ligand interactions on the thermal 

stability of the protein was investigated. In the experiments, MD-MG-03 and MD-MG-

04 compounds were observed to cause destabilization of CA monomer by -13°C and -

12.4°C melting temperature shift, respectively.  
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 Oligomerization experiments aimed to measure the effect of small molecules on 

the rate of capsid tube formation in vitro in high salt buffer conditions. In these 

experiments, ATB-01 and ATB-05 molecules were shown to increase the oligomerization 

rate of CA. In addition, ATB group molecules were subjected to further molecular 

docking against CA-CA interfaces in CA multimers. When docked to CA multimer form, 

ATB group molecules had better docking scores compared to monomer CA docking and 

formed more hydrogen bonds in LigPlot Analyses when bound to the protein multimer. 

The best docking result of all the molecules were at the tri-hexameric interface.  

 When all these promising results are evaluated together, the interaction of these 

molecules and HIV-1 CA needs further investigation. Since ATB group molecules 

accelerate oligomerization rate, they may cause aggregation rather than organized tube 

formation. HIV-1 CA oligomerization reaction product can be visualized with STEM or 

TEM instruments. We plan to study the binding of these molecules to HIV-1 CA with 

isothermal titration calorimetry (ITC).  

 In conclusion, the CA protein has emerged as an important therapeutic target in 

the ongoing need for new targets in the treatment of HIV-1. The studies conducted in this 

thesis provide valuable preliminary information by revealing the effects of 26 natural 

compounds out of 279 molecules on CA stability and oligomerization in detail. In future 

studies, binding affinity of the ATB and MD-MG group molecules to the capsid protein 

can be determined by isothermal titration calorimetry (ITC). Transmission electron 

microscopy (TEM) imaging of in vitro generated tubular structures in the presence of 

ATB or MD-MG group molecules will be a critical step to directly investigate the effects 

of these molecules on capsid assembly process. These experimental approaches will help 

us understand the interaction of these molecules with HIV-1 CA protein in more detail. 
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APPENDIX A 

 

 

Table 9. Docking Results of 279 Molecules on HIV-1 CA Monomer Using AutoDock 

Vina 

 

 

(cont. on next page) 

 

 

Molecule 2D Structure

AutoDock 

Vina Score 

kcal/mol

Molecule 2D Structure

AutoDock 

Vina Score 

kcal/mol

(D)-alpha-

Tocopherol
-5.67 Gito-01 -6.84

1-(2-

Hydroxyethyl)-

2,2,6,6-

tetramethyl-4-

hydroxypiperid

ine

-4.74 Gito-02 -7.17

10-

Decarboxymet

hyl 

aclacinomycin 

T (12-

dehydroxy 

iremycin)

-7.86 Gito-03 -6.68

2Z)-4,6-

dihydroxy-2-

[(3-hydroxy-4-

methoxyphenyl

)methylidene]-

1-benzofuran-

3-one

-7.06 Gito-04 -6.34

3-Methyl-2-

[[2,3,4-

trihydroxy-5-

(hydroxymethy

l)oxolan-2-

yl]methylamino

]pentanoic 

acid

-5.41 Gito-05 -7.19

4’-O-demethyl 

Anisomycin
-5.83 Gito-06 -7.01
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

5-

hydroxyectoine
-4.67 Gito-07 -6.57

ActD -10.13 Gito-08 -6.31

Actinomycin D -7.76 Gitoxigenin -6.56

Actinomycin 

X0(beta)
-9.44 Iremycin -7.85

Actinomycin 

X2
-9.85 K-41A -7.7
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

ActX2 -7.95 K-41AGm -6.55

ActXOB -8.15 K-41Am -6.92

Afrormosin -5.3

Kaempfero

l 3-O-(2,6-

di-O-alpha-

L-

rhamnopyr

anosyl)-

beta-D-

galactopyr

anoside

-8.39

Albocycline C -5.92

Kaempfero

l 3-O-(2,6-

α-L-

dirhamnop

yranosyl-β-

D-

glucopyran

oside)

-7.63

Alismol -6.57

Kaempfero

l-3-O-

rutinoside

-7.17
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

 

 

 

Alt-Ole-

01
-6.81

Kojic 

acid
-4.82

Alt-Ole-

02
-7.59

Licoagr

oside B
-6.02

Alt-Ole-

03
-7.08

Loliolid

e
-5.44

Alt-Ole-

04
-7.93

Maculos

in
-6.62

Alt-Ole-

05
-6.9

Methyla

mycin B
-7.57

Amycin 

B
-8.6

N-

benzoyl-

L-

arginine

-6.72



80 

 

Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

 

Arenaric 

acid
-6.87

N-cis-p-

coumaro

yl 

tyrosine

-6.84

B-SCG-

06
-6.03

Neorusc

ogenin
-9.06

B-SKG-

07
-7.03

Oleandri

n
-7.37

C27-O-

deglycosy

l K-41A

-7.24
Pha-Ole-

01
-7.75

Caffeine -4.85
Pha-Ole-

02
-7.02

Catechin -7.2 Prunetin -7.12
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

Chloram

phenicol
-5.71

Putami

noxin B
-5.96

Chlorog

enic 

Acid

-6.57
Querce

tin
-7.40

Chromo

mycin 

A2

-8.08

Querce

tin 3-

apiosyl-

(1->2)-

rhamn

osyl-(1-

>6)-

glucosi

de

-7.89

Chromo

mycin 

A3

-7.69
Rapam

ycin
-7.83

Chromo

mycinon

e

-6.75
Rebaud

ioside 

A

-6.24

Collismy

cin A
-5.93 RES-01 -8.61
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

Collismy

cin C
-5.49 RES-04 -8.07

Compou

nd NP-

002290

-6.36 RES-05 -6.99

Compou

nd NP-

004676

-6.91
Rishiti

n
-5.98

Compou

nd NP-

005807

-7.31
Rolloa

mide A
-7.69

Compou

nd NP-

016403

-6.45
Rosma

rinic 

acid

-6.50

Copropo

rphyrin 

III

-7.29
Ruscog

enin
-9.11
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Table 9. (cont.) 
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Cyclo(-

Leu-Pro)
-5.68 Rutin -6.65

cyclo(L-

Phe-D-

Pro)

-6.16
SC-EG-

01
-7.47

Deacetyl 

Chromo

mycin A3

-7.25
SC-EG-

02
-7.48

Desferrio

xamine E 

(Nocarda

mine)

-9.1
SC-EG-

03
-8.09

Ditryptop

henaline
-9.84

SC-EG-

12
-7.09

Ellagic 

acid
-6.63

SC-EG-

19
-6.09
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

Ferulic 

acid
-5.2

Speradi

ne D
-7.34

Fisetin -7.48
Butyrol

actone 

I

-7.36

Formono

netin
-7.02

Tanzaw

aic acid 

O

-6.49

Germicidi

n
-5.83

Tectori

genin, 

7-O-[D-

apiofur

anosyl-

(1-6)-D-

glu

-7.88

Germicidi

n B
-5.68

Tirand

amycin 

A

-7.32

AG08 -6.83
Tirand

amycin 

B

-7.44

Asiatic 

acid
-7.15

MD-

MG-06
-6.96
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

 

 

Asiaticoside -7.75
MD-

MG-07
-6.13

AST IV -7.69
MD-

MG-12
-7.11

AST VII -6.97
MD-

MG-13
-7.18

Astragenol -7.63
MD-

MG-14
-6.36

ATB-01 -6.96
MD-

MG-17
-6.52
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

ATB-03 -6.43
MD-

MG-19
-6.62

ATB-05 -7.41
S-SCG-

01
-8.26

B-AG-01 -7.17
S-SCG-

02
-5.95

B-AG-02 -7.5
S-SCG-

03
-7.35

B-AG-03 -7.85
S-SCG-

04
-8.32
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

B-AG-04 -7.08
S-SCG-

05
-7.88

B-AG-05 -6.6
S-SCG-

06
-6.91

B-AG-06 -7.72
S-SCG-

07
-7.06

B-AG-07 -7.31 SCG -6.61

B-AG-08 SKG -6.84
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

B-CG-01 -7.83 S-C2 -7.06

B-CG-02 -6.58 S-C3 -7.78

B-CG-03 -6.91 S-C4 -7.54

B-CG-04 -6.94 S-C5 -9.11

B-CG-05 -7.15 S-C6 -7.35
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

B-CG-06 -6.58 S-C7 -6.95

B-CG-07 -7.1 S-C8 -7.80

B-CG-08 -7.93 S-C9 -9.34

B-CG-09 -6.66 S-C10 -7.53

B-CG-10 -6.58 S-C11 -7.58
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

B-SCG-

05
-7.29 S-C12 -7.19

B-SCG-

07
-6.55 S-C13 -7.93

B-SCG-

08
-5.7 S-C14 -7.52

B-SCG-

09
-6.02 S-C15 -7.61

B-SCG-

10
-5.69 S-C16 -7.96
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

B-SCG-

11
-5.49 S-C17 -7.23

B-SCG-

12
-6.66 S-C18 -7.26

B-SCG-

13
-7.07 S-C19 -8.06

B-SCG-

14
-6.27 S-C20 -7.18

B-SCG-

15
-6.3 S-C21 -7.20
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

B-SCG-

16
-6.131 S-C22 -7.32

B-SKG-

01
-6.26 S-C23 -7.71

B-SKG-

02
-6.9 S-C24 -6.88

B-SKG-

03
-7.43 S-C25 -7.29

B-SKG-

04
-7.58 S-C26 -8.56
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

B-SKG-

05
-6.8 S-C27 -7.62

B-SKG-

06
-6.9 S-C28 -6.98

B-SKG-

07
-7.03 S-C29 -7.12

B-SKG-

08
-6.26 S-C30 -8.40

Betulin -6.52 S-C31 -7.95

CCPG -6.92 S-C32 -8.07
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

 

CCPG-02 -7.45 S-C33 -7.10

CCPG-03 -7.09 S-C34 -7.80

CCPG-04 -7.45 S-C35 -7.99

CCPG-05 -7.42 S-C36 -8.23

CCPG-06 -7.36 S-A2 -7.48
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

CCPG-07 -7.05 S-A3 -7.54

CCPG-08 -7.07 S-A4 -8.36

CCPG-09 -7.38 S-A5 -8.28

CCPG-10 -7.69 S-A6 -7.92

CCPG-11 -8.17 S-A7 -8.70

CCPG-12 -7.84 S-A8 -8.77
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

CCPG-13 -6.91 S-A9 -8.09

CCPG-14 -6.55 S-A10 -8.16

CCPG-15 -7.63 S-A11 -7.84

CCPG-16 -7.28 S-A12 -9.39

CCPG-17 -7.5 S-A13 -8.72
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

CCPG-18 -7.62 S-A14 -7.57

CCPG-19 -6.37 S-A15 -7.85

CCPG-20 -6.62 S-A16 -7.67

CCPG-21 -6.91 S-A17 -7.48

CCPG-22 -7.03 S-A18 -7.22
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

CCPG-23 -6.96 S-A19 -7.83

CCPG-24 -8.27 S-A20 -7.02

CCPG-25 -7.54 S-A21 -7.46

CCPG-26 -6.66 S-A22 -8.51

CCPG-27 -7.86 S-A23 -8.24
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

CCPG-23 -6.96 S-A19 -7.83

CCPG-24 -8.27 S-A20 -7.02

CCPG-25 -7.54 S-A21 -7.46

CCPG-26 -6.66 S-A22 -8.51

CCPG-27 -7.86 S-A23 -8.24
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

CCPG-28 -6.9 S-A24 -8.26

CCPG-29 -6.48 S-A25 -7.29

CG -6.89 S-A26 -8.42

Cycloasge

nin C
-6.92 S-A27 -8.59

Escin -5.96 S-A28 -8.26
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Table 9. (cont.) 

 

 

(cont. on next page) 

 

 

 

 

 

 

Glycyrrh

etinic 

Acid

-6.93 S-A29 -8.99

Hederage

nin
-6.27 S-A30 -8.43

Madecass

ic acid
-7.01 S-A31 -8.48

Madeccas

soside
-8 S-A32 -8.85

MD-MG-

01
-7.2 S-A33 -8.85
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Table 9. (cont.) 

 

 

 

 

 

 

 

 

MD-MG-

02
-7.03 S-A34 -8.46

MD-MG-

03
-8.58 S-A35 -8.14

MD-MG-

04
-7.83 S-A36 -6.84

MD-MG-

05
-6.54 S-A37 -7.69


