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Abstract 

Replication-association protein (Rep) is an indispensable protein for the replication of 

Geminivirus single-stranded DNA in its life cycle. Geminivirus, in particular African Cassava 

Mosaic Virus (ACMV), affects agricultural crops such as Cassava (Manihot esculenta Crantz) 

that have the potential to bridge food insecurity in sub-Saharan Africa where it is mostly 

produced. For this virus to replicate, it encode for a Rep protein to initiate the rolling cycle 

replication (RCR) therefore making the protein indispensable for viral life cycle.   

Understanding the mechanism of viral replication proteins is essential because of the 

involvement with replication and spread of the disease. There is an urgent need to develop 

novel strategies to control the virus. Therefore, the main aim of this study was to investigate 

ACMV Rep protein functional activity as a target for the development of small molecule 

inhibitors. To achieve this aim, overexpression of full length ACMV Rep recombinant protein 

in Escherichia coli (E. coli) BL21 (DE3) pLysS bacterial cells and purification on nickel 

affinity chromatography was successfully done. Biochemical and biophysical characterisation 

is a crucial step to follow in order to understand the role of proteins in the viral life cycle. The 

structural determination of ACMV Rep protein was first predicted using online bioinformatics 

tool ExPASy and further determined with Fourier-transform infrared (FTIR) and intrinsic 

fluorescence spectroscopy. The secondary structure prediction from ExPASy resulted in the 

prediction of helices, sheets and coils. From FTIR spectroscopy analyses, the Amide I region 

was detected which was reported to be common in proteins representing the secondary 

structure. The overlapping peaks of the Amide I region were resolved through deconvolution 

on OriginPro 8 and this resulted in α-helices, β-sheets, β-turns and coils which correlates with 

the ExPASy results. Intrinsic fluorescence spectra showed an emission maximum wavelength 

of 355 nm at both 280 nm and 290 nm excitation wavelengths. The emission maxima shows 

that the tryptophan is exposed to the solvent. Assessing the activity of proteins is another step 

to determine proper folding of the protein. This was determined with binding and cleavage 

assays using Electromobility Shift Assay (EMSA). Results showed that purified ACMV Rep 

was functional in both the binding and cleavage activity at increasing concentrations (≥ 0.4 

µM). Enzyme-linked Immunosorbent Assay (ELISA), a microtiter plate assay for protein 

functionality, was also developed for the interaction of ACMV Rep and ACMV DNA. This 

assay is amenable to high throughput screening of potential inhibitors. ELISA results also 

confirmed the binding activity of the purified Rep protein to ACMV DNA, this assay can be 

adapted to screen potential small molecule inhibitors of ACMV Rep interaction with ACMV 
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DNA. The identification of small molecules that inhibit the activity of ACMV Rep protein to 

viral DNA on EMSA was done. Natural phenolic compounds such as Epigallocatechin gallate 

(EGCG) and Chicoric acid (CA) have inhibition activity on the binding of ACMV Rep to DNA 

at a concentration of ≥ 100 µM. In addition, EGCG inhibits the cleavage activity of DNA by 

ACMV Rep protein with a concentration of ≥ 100 µM while CA showed no inhibition towards 

cleavage activity of the ACMV Rep on the DNA. From this study, more can be done to 

understand the crystal structure of the protein and its mechanism of interaction.   
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 Introduction 

1.1 Food security: A global food crisis 

Food security is a major problem worldwide, especially in African countries. The inability to 

readily access sufficient nutritional food physically or economically is due to several reasons 

such as lack of income, increasing population, climate change, and political instability and 

plant diseases. It is estimated that by the year 2050, the world population will increase to over 

9 billion people with sub-Saharan Africa contributing the highest proportion of population 

increase and thus increasing food insecurity (United Nations, 2013; FAOSTAT, 2016). 

Therefore, there is an urgent need to come up with strategies to eradicate poverty and hunger. 

During the United Nations 2013 summit, world leaders agreed that the first-millennium 

development goal is to eradicate poverty and hunger (MDG, United Nations, 2013). South 

Africa is one of the countries that committed itself by means of the constitution, sections 26 

and 27 of 1996 that states that everyone has a right to access sufficient and nutritional food 

(DoA, 1997). The mandate was given to the Department of Agriculture, Forestry and Fisheries 

to ensure that policies and programs are drawn and implemented that enable every South 

African to meet their basic need and that these policies foster technological development, farm 

management, trade, and growth. While an increase in population is a dominant factor in food 

security, plant pathogenesis, which is defined as diseases affecting plants, has also been 

contributing greatly to food insecurity by degrading plant production and quality. The major 

groups of pathogens affecting plants are viruses, bacteria, fungi, nematodes, oomycetes and 

parasitic plants (Strange and Scott, 2005). Plant disease is a huge problem because of its 

detrimental effects on the productivity and quality of most crucial agricultural crops including 

but not limited to maize, sweet potatoes, tomatoes, and cassava. Cassava has the potential to 

close the poverty and hunger gap in the world, especially in sub-Saharan Africa where it is 

mostly produced because of its nutritional value (Rey and Vanderschuren, 2017; Widido, 

2018). 

1.2 Cassava (Manihot esculenta Crantz) 

Cassava is one of the most significant starches and protein-rich crops in the world. Cassava is 

a drought-tolerant crop that is cultivated on marginal soil and high crop yields are produced 

under ideal conditions (EL-Sharkawy, 2007). It provides over half a billion people with calories 

and nutrition and is thus a crucial staple food in several continents including Southern America, 

Asia and Africa (Daniell et al., 2008; Bredeson et al., 2016). Amongst the starchy staples, 
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cassava provides a carbohydrate production of 25% more than maize and 40% higher than rice, 

making it a low-cost source of calories for both animal feed and human nutrition (Tonukari, 

2004). It is used for many purposes, including but not limited to making flour, cassava alcohol, 

pudding, caramel, animal feed thus its advantage in providing income and industrial 

application.  

Cassava is a semi-perennial crop, allowing its roots to remain dormant underground for up to 

three years, and resistant to carbon dioxide concentration (Allem and Genѐticos, 2002). These 

advantages are recognised by farmers all over the world, making it a very popular crop in the 

21st century. This is particularly true in Africa, where over 110 million tonnes of cassava were 

produced in 2014, which was 53.7% of the world’s total production (FAOSTAT, 2016). 

Cassava is an important crop that can mitigate the effects of famine worldwide (Chavarriaga-

Aguirre et al., 2016; Tao et al., 2019). It is a staple starch that is rated fourth after maize, rice, 

and wheat but its production is facing high economic challenges due to viral diseases (Rey and 

Vanderschuren, 2017). Like many agricultural crops today, major economic challenges to 

cassava production include challenges by diseases such as tobacco mosaic disease, tomato curl 

leaf disease and cassava mosaic disease. Cassava mosaic disease is the most significant disease 

affecting cassava in Africa, and it is caused by Geminiviruses (Fondong, 2017).  

1.3  Geminiviruses  

1.3.1 Geminivirus: genome organization  

Geminiviruses are the largest genus belonging in the family Geminiviridae characterised 

by their circular and single-stranded DNA (ssDNA genome). They infect a wide range of 

monocotyledon (monocots) and dicotyledon (dicots) crop species such as maize, cassava, 

tomato and cotton in tropical and temperate climate region (Zerbini et al., 2017). 

Geminiviruses are divided into nine genera based on the genome organisation, host range, 

vector and sequence relationships by the International Committee on the Taxonomy of 

Viruses (ICTV) namely to Begomovirus, Curtovirus, Mastrevirus, Topocuvirus, 

Becurtovirus, Capulovirus, Eragrovirus, Grablovirus, and Turncurtovirus depicted in 

Figure 1.1 ( Torres-Herrera et al., 2019; Ramesh et al., 2017; Zerbin et al., 2017 and 

Brown et al., 2012). The first four being the main genera identified, the last five are recent 

additions to the phylogeny. In this study, the main focus is on begomoviruses. 

Begomoviruses have either monopartite or bipartite genome. The monopartite (see Figure 

1.1 G) has DNA-A like genome while bipartite (see Figure 1.1 G) is composed of two 
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separate genomes designated DNA-A and DNA-B with the size ranging from 2.6 to 3.0 

kb. The two genome components share nearly 200 bases of sequences in the long 

intergenic region (LIR) that includes the replication origin. Transcription of these genes 

is under the control of one monodirectional promoter and two bidirectional promoters to 

produce functional proteins (Fondong, 2013). The DNA-A retains four open reading 

frames (ORFs) in the complementary strand which encode for coat protein (CP), the 

replication-associated protein (Rep), transactivation protein (TrAP) and enhancement 

protein (REn); while the DNA-B has only two ORFs coding in the virion strand for the 

nuclear transport protein (NSP) and cell-to-cell movement protein (MP) (Ye et al., 2014; 

Luna et al., 2017; Snehi et al., 2017). 
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Figure 1.1: Genomic organisation of different types of Geminiviruses. 

Matrevirus (A), Eragrovirus (B), Becurtovirus (C), Curtovirus (D), Topocurtovirus (E), 

Turncurtovirus (F) and Begomovirus (G). Among all the above-mentioned Geminiviruses, 

Begomovirus which is the largest in the Geminiviridae family has two types of viruses: those 

with a monopartite genome (a) and those with bipartite genome, DNA-A and DNA-B (b). The 

genome organisation is composed of Open Reading Frames (ORFs) coding for different 

proteins (C1, C2, C3, and C4), Long interic region (LIR), Short interic region (SIR), and 

Common region (CR) (Zerbini et al., 2017). 

1.3.2 Geminivirus proteins 

The above-mentioned proteins are transcribed and translated during different stages of 

the life cycle. AC2 (also known as AL2 or C2) gene coding for transcriptional activator 

protein (TrAP) is transcribed at an early stage of the viral life cycle. This gene is present 

in all Geminivirus family and it is a crucial gene because, it acts as a transcriptional factor 

for the expression of coat protein and BR1 genes (Hartitz et al., 1999; Harrison et al., 

2002). The TrAP has also been shown to suppress the innate defense mechanism of plants 

against nucleic acids such as viruses in a transcriptional dependent and non-dependent 
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mechanism. Results found by Trinks et al. (2005) have suggested that TrAP suppresses 

RNA silencing through activation of cellular proteins that function as regulator of the 

system in a negative feedback loop. This is as a result of Arabidopsis protoplasts 

transformed with Mungbean yellow mosaic virus (MYMV) or African cassava mosaic 

virus (ACMV) during transcriptional profiling. Two of the most important proteins for 

replication of the viral DNA are the Replication-association protein (Rep) and Replication 

enhancement protein (REn). AC1 is also known as AL1 or C1 gene encoding Rep that 

functions as an endonuclease upon binding to the double-stranded DNA and as a ligase 

that initiates and terminates the rolling circle replication (RCR) (Castillo et al., 2003). 

AC3 also designated AL3, or C3 encodes for the REn which interacts with the Rep and is 

associated with enhancing viral infection as well as symptoms (Morris et al., 1991; 

Castillo et al., 2003). A gene that is expressed at a later stage is the AV1, which codes for 

a coat protein (CP) that functions as a shell for viral DNA to facilitate the movement of 

viral DNA into the nucleus through the nuclear pores (Priyadarshini et al., 2011; Zerbini 

et al., 2017). The last two proteins that facilitate the movement of viral DNA are the NSP 

and MP. BVI gene codes for NSP that facilitates the movement of viral DNA from the 

nucleus to the cytoplasm, while the MP facilitates the movement of viral DNA from one 

cell to the adjacent cell in the viral life cycle (Florentino et al., 2006). All these protein-

coding genes are depicted in Figure 1.1. 

 

1.3.3 Begomovirus life cycle   

Begomovirus is transmitted via the whitefly Bemisia tabaci (Gennadius) vector in a 

circulative persistent manner. It transmits the viral particles with its stylets while feeding 

on the phloem of plants (see Figure 1.2 A). Once the virus enters the plant cytoplasm, the 

virus is uncoated and releases the ssDNA. The ssDNA then enters the nucleus through 

nuclear pores (see Figure 1.2 B). The ssDNA acts as a template for the synthesis of a 

complementary strand using RNA Polymerase II to form dsDNA intermediate which is 

transcribed in the nucleus and translated for viral proteins within the cytoplasm (Han et 

al., 2007). The transcribed proteins such as Rep and REn enter the nucleus and form a 

complex; enhancing Rep mediated ATPase activity when bound to the origin of 

replication of the dsDNA - initiating rolling cycle replication (RCR) which is not well 

understood (Pasumarthy et al., 2010). Once copies of circular ssDNA are produced by the 
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RCR, they either enter the replication cycle again or encapsulated by the transcribed coat 

protein. Transcription of the coat protein is activated by TrAP. After viral ssDNA 

encapsulation, the virion is transported from the nucleus to the cytoplasm to be ingested 

by the whitefly while feeding on the phloem of the infected cassava leaves. The whitefly 

hosting the virus will then infect another cassava, and then the viral cycle continues. Some 

of the symptoms of the infection include yellow pigmentation of the leaves and stunting 

of the roots (see Figure 1.2 C). All the proteins involved in the lifecycle of Begomovirus 

are potential targets for antiviral strategies. Therefore, Rep protein which is indispensable 

for replication of the virus has been pursued further as a potential target (Rizvi et al., 

2015).  
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Figure 1.2: Transmission of the virus onto cassava by the whitefly. 

The whitefly transmits the viral particle using its stylets while feeding on the plant phloem (A). 

The virus particle raptures and releases the ssDNA and its functional protein such as Rep. Rep 

is responsible for the replication of the virus by forming a complex with the REn and binding 

to the DNA thereby recruiting the host cell factors to assist with replication via the rolling cycle 

mechanism. It also forms a complex with the transactivation protein to assist in the transcription 

and translation of viral proteins while the CP coats the ssDNA to be ingested by the whitefly 

and then reinfection will only when in contact with another cassava plant (B). (C) Represents 

the African cassava plant infected by the virus and the symptoms after being infected. Adapted 

from (Adapted from Hanley-Bowdoin et al., 2013). 
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1.3.3.1 Replication initiator protein and its functions   

Replication-association protein (Rep) encoded by the AC1 open reading frame of DNA-

A region is the only viral factor that is essential for viral replication by the RCR 

mechanism. It is a 40 kDa multifunctional protein that has DNA binding and cleavage 

activity (Wegrzyn et al., 2014). The binding and cleavage site of Rep lie in the N-terminal 

domain of the protein. Rep protein interacts with other viral proteins like REn, host 

proteins such as RRB1 and with itself (Orozco, 1997). Rep protein binds to double-

stranded DNA at the origin of replication (TAATATT/AC sequence) of the plasmid and 

nicks the (+) strand leaving the 5ꞌ adduct to form a covalent bond with the hydroxyl group 

of tyrosine103 residue identified (see Figure 1.3) (Laufs et al., 1995; Orozco et al., 1998). 

After nicking, Rep recruits host factors (pRBR, RF-C, PCNA and histone H3) that assists 

in the completion of the replication process (Pant et al., 2001; Tara et al., 2010). Host 

DNA polymerase III starts the synthesis of a new (+) strand by extending the 3ꞌ end 

simultaneously replacing the old (+) strand, and then Rep protein ligates the gaps. After 

completion of the (+) strand, Rep cleaves and ligates the ends of the displaced DNA to 

produce ssDNA. To complete the replication cycle, the (-) strand is synthesised by host 

cell factors using a separate single-stranded origin of the plasmid (Orozco et al., 2000). 

In general, information about the structure of Rep protein is quite limited and only the N-

terminus of TYLCV was resolved (Campos-Olivas et al., 2002). One study tried to 

resolve the crystal structure of CaLCuV Rep1-121, CaLCuV Rep11-177 and CaLCuV Rep11-

349 proteins by Nuclear Magnetic Resonance (NMR) without success (Tara et al., 2010). 

Oliveira et al. (2017), studied viral proteins such as NS3 and NS4 which are essential for 

viral DNA replication as potential targets for the development of antiviral compounds for 

Dengue and Chikungunya viruses, respectively. Consequently, this provides a 

confirmation of using Rep as a potential target for the development of antiviral agents and 

further characterisation of ACMV Rep needs to be explored to better understand the Rep 

interaction with other molecules (DNA, proteins and small molecule inhibitors).  
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Figure 1.3: A typical demonstration of ACMV DNA origin of replication. 

The Rep protein and its recognition site (GGTAGAAGGTAG) for binding are shown in red. 

The hairpin loop with the cleavage site (AATATTA CC) that is conserved throughout the 

Geminivirus family is indicated in red (A). The 5ꞌ end of the cleaved ssDNA fragment forms a 

covalent bond with tyrosine hydroxyl group of the Rep protein (Tara Nash, PhD thesis, 2010). 
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1.4  Strategies on controlling Geminiviruses 

1.4.1 Natural antiviral mechanism of plants 

1.4.1.1 RNA silencing  

RNA silencing is a natural mechanism of plants to defend themselves against attacks by foreign 

nucleic acids such as viruses. This was discovered in the early 1990s where a plant 

transformation experiment was done to introduce transgenes into the genome; this resulted in 

the silencing of both the homologous host genes and transgenes (Van de Kroll et al., 1990). 

The introduction of transgenes leading to RNA silencing was termed post-transcriptional gene 

silencing (PTGS) (Tabassum et al., 2012; Wang et al., 2011). The main role-players in RNA 

silencing are the virus-derived small RNA (sRNA) and associated effector proteins (AEP). 

These work together to inactivate viruses in a sequence-specific manner by degrading its 

genome using a number of proteins such as ribonuclease III (an enzyme that targets RNA and 

breaks it down) via a cascade of events (Pantaleo et al., 2007).  

The sRNA is classified into three main classes namely: small interfering RNA (siRNA), 

microRNA (miRNA) and Piwi-interacting RNA (piRNA) according to their origin, structure, 

associated effector protein (AEP) and their biological functions (Castel and Martienssen, 

2013).  Upon attack of a plant by the virus, a long double-stranded RNA (complementary 

strands and passenger strands) is produced from the replication intermediates of viral RNA 

(Vanitharani et al., 2004). The double-stranded small RNA acts as a substrate for an enzyme 

(ribonuclease) called Dicer-like protein (DCL) that comes from the cytoplasm to produce 21-

24 nucleotide (nt) viral-derived small interfering RNA (vsiRNA) (see Figure 1.4). The 

interaction of Argonaute family protein (AGO) and the vsiRNA form a multicomplex called 

RNA-induced silencing complex (RICS). Argonaute family protein (AGO) which is a catalytic 

component, is recruited and incorporated into the RISC complex. This formation of the RISC-

AGO complex will then induce either DNA methylation, repression or degradation (Tabassum 

et al., 2012; Zotti et al., 2018). 

However, viruses have developed a mechanism that counteracts the RNA silencing defense 

mechanisms of plants by encoding viral RNA silencing suppressor proteins that interrupts 

various steps of RNA silencing pathways. These viral suppressors of RNA silencing (VSRs) 

suppress by seizing of virus-derived siRNAs and inactivation of AGO proteins mainly AGO1 

(see Figure 1.4) (Chang and Wang, 2016). Some of the suppressor proteins are the 2b protein 

of cassava mosaic virus (CMV), P21 protein of Beet yellows virus (BYV), P19 protein of 
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Tombusvirus, V2 protein of Tomato yellow leaf curl virus (TYLCV) and AC2 protein and AC4 

protein of Geminivirus to mention a few (Vanitharan et al., 2004; Martínez-Turiño and 

Hernández, 2009; Csorba et al., 2009). The fact that the virus encodes for viral suppressors of 

RNA silencing mechanisms put forward the basis of searching for a new effective method to 

control these diseases. 

 

 

 

Figure 1.4: RNA silencing mechanism of plants. 

The RISC-AGO complex is formed for the methylation, degradation or repression of genetic 

molecules. The different RNA silencing repressors (P14, P13, P19, P21, 2b, P38, P0, HC-Pro 

and P1) encoded by the virus interrupt the process of RNA silencing at various stages (Red) 

(Burgyán and Havelda, 2011). 

1.4.1.2 Plant antioxidants 

Plants have developed an antioxidant system to protect themselves from pathogens. These are 

enzymatic [decomposition of reactive oxygen species (ROS)] and endogenous non-enzymatic 

systems [tocopherols, carotenoids, ascorbic acid (vitamin C), several phenolic compounds and 

tocotrienols (vitamin E)] (Kulbat, 2016). A special group of compounds named phenolics has 

attracted scientists' attention as they exhibit a protective effect against mechanical damage in 
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purple-flesh potatoes (Reyes and Cisneros-Zevallos, 2003). These phenolics act as shielding 

agents, and pesticides against pathogenic organisms. 

Phenolics are a heterogeneous group of compounds containing one or more aromatic rings 

bearing hydroxyl groups with over 8,000 structural variants (see Figure 1.5). They are 

secondary metabolites found mostly in plants such as fruits and vegetables and are produced 

through the shikimic acid and phenylpropanoid pathways (Saranraj et al., 2019). They 

contribute to the environmental and physiological functions of the plant as well as to produce 

flavour, colour and astringency. Additionally, the antioxidant activities of these compounds are 

associated with the structure of phenolic compounds, largely depending on the number and 

location of hydroxyl groups and glycosylation (Huang et al., 2009). The bioactivity of these 

compounds has been explored in the inhibition of pathogen infection. Patzke and Schieber 

(2018) have reported successful growth inhibition of different phytopathogenic fungi by a 

natural phenolic compound (ferulic acid). This compound was used as one of the active 

ingredients for the preparation of emulsified pesticides.  Compounds extracted from S. mombin 

and S. tuberosa have been found to inhibit Type-2 Dengue virus. The study suggested that rutin 

and quercetin have the potential to be developed as an anti-DNV agent (Silva et al., 2011).  

OH

 

Figure 1.5: The structure of a phenol group. 

1.4.2 Man-made antiviral mechanism in plants 

1.4.2.1 Pathogen-derived resistance (PDR) 

Strategies in controlling either the vector (whitefly) or the virus (Begomovirus) are still 

ongoing. The breeding of wild type cassava, Manihot glaziovii Muell.-Arg into cultivated 

cassava to confer resistance is by far the most successful strategy (Fondong, 2017).  Sanford 

and Johnston (1985) came up with transgenic strategies where cassava was genetically 

engineered for resistance which was named pathogen-derived resistance (PDR); however, this 

still has to go through the approval by the government and broad public acceptance (Stanford 

and Johnston, 1985; Orozco, 2018; Dong and Ronal, 2019). Further studies on PDR also 
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revealed that plants use RNA silencing as an antiviral defense mechanism (Vance, 2001). 

Tomato yellow leaf curl virus (TYLCV) and African cassava mosaic virus (ACMV) encode 

AC2 proteins that reverse the silencing of RNA viral defense mechanisms already set by the 

plant. Therefore, more research is focusing on RNA silencing, transgenic and non-transgenic 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 systems to confer 

plant resistance to Geminiviruses.  

1.4.2.2 Gene editing: Non-transgenic Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) system 

A new technique has recently emerged as an alternative to control plant disease other than plant 

breeding and transgenic methods. This technique is one of the highly favoured in plant 

biotechnology because it is easy to design and reagents are easily accessible, more versatile, 

high success rate and less expensive hence speeding up the generation of cassava cultivars with 

better-quality traits (Borrelli et al., 2018; Lentz et al., 2018; Gomez et al., 2019). It is called 

the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 (CRISPR 

associated protein 9). CRISPR/Cas9 edits the target plant genome in a site-specific manner 

using a recruited site-specific nuclease called Cas9 (Xing et al., 2014). Upon binding of Cas9 

to the target genome, a double-stranded break (DSB) is created within the targeted DNA. This 

DSB is then repaired through the error-prone, non-homologous end joining ((NHEJ) or 

homology-directed recombination (HDR) pathways causing either insertion or deletion 

(INDEL) mutations (Jaganathan et al., 2018).  

The CRISPR/Cas9 technology has been applied to Arabidopsis thaliana and Nicotiana 

benthamiana to confer resistance to single-stranded DNA (ssDNA) Geminivirus (Li et al., 

2013; Upadhyay et al., 2013; Chandrasekaran et al., 2016). CRISPR/Cas9 was recently applied 

on transgenic cassava plant that was transformed to express the Cas9 protein together with 

sgRNA1 and the Cas 9 (control). This showed a failure to confer effective resistance to African 

cassava mosaic virus (ACMV). It also led to the emergence of a new, conserved mutant virus 

that cannot be cleaved by the catalytic CRISPR/Cas9. It was advised by the authors based on 

their findings that caution on the use of CRISPR/Cas9 technology to engineer resistance should 

be considered in both greenhouse and field settings. This should be done in order to avoid the 

evolution resistance of viruses (Mehta et al., 2019). 
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1.4.2.3  Naturally-derived synthetic compounds 

Natural compounds have formed the basis of product development for the pharmaceutical, 

food, cosmetic and insecticides industries. Natural compounds and their derivatives are 

synthesised and modified to enhance the activity of these compounds for the health benefits of 

humans, animals, and plants. These compounds are assessed for activity in vitro as potential 

inhibitors or enhancers. Chicoric acid (CA) and Epigallocatechin gallate (EGCG) will be 

described in detail below because they are the main focus of this study as potential inhibitors 

of ACMV Rep interaction with viral DNA.  

Chicoric acid named 2, 3-bis ({[(2Z)-3-(3, 4-dihydroxyphenyl) prop-2-enoyl] oxy}) 

butanedioic acid according to the International Union of Pure and Applied Chemistry (IUPAC) 

nomenclature is a polyphenol compound, a derivative of caffeic acid and tartaric acid (see 

Figure 1.6). It was discovered from the aerial parts, the roots and seeds of Chicory (Chicorium 

intybus L.) by Scarpati and Oriente in 1958. Since its discovery, it has been found in other 

plants such as the aerial part of Echinacea purpurea L (Thomsen et al., 2012; Wills and Stuat, 

1999) and leaves of Lactuca sativa L (Abu-Reidah et al., 2013). It has been reported that CA 

assists plants to protect itself from viral, bacterial and fungal infections (Bauer, 1998; 

Nishimura and Satoh, 2006; Charvat et al., 2006). 

It is also reported that CA has biological activity in inhibiting HIV integrase, resulting in the 

possibility of hindering the replication of the virus genome (Charvat et al., 2006). Studies have 

shown that, CA exhibits fluorescence quenching of the lactoferrin protein that was used as the 

basis for the construction of LF and CA nanoparticles (LF-CA-NP) (Li et al., 2018). In the 

current study, we determined the inhibitory properties of CA against the ACMV target protein 

Rep through biochemical studies. 
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Figure 1.6: Chemical structure of the polyphenolic compound, Chicoric acid. 
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Epigallocatechin gallate (EGCG) is the most abundant antioxidant in green tea from a plant 

scientifically known as Camellia sinensis L. of the Theaceae family (see Figure 1.7). Green tea 

is an ancient tea that is widely consumed, especially in East Asia, because of its powerful 

antioxidant activity (Du et al., 2012; Chowdhury et al., 2016). It is a polyphenolic compound 

formed by a flavanol core (flavan-3-ols) structure fused with a gallocatechol group and a gallate 

ester. It constitutes 65 % of the total catechin contents (Islam, 2012). In a study, 10 polyphenol 

compounds were tested for antiproliferative effects, EGCG showed the most potent activity 

against colorectal cancer. Compared to the antiproliferative effect of 5-fluorouracil, which is a 

chemotherapy drug on colorectal cancer, EGCG is even more potent (Du et al., 2012).  
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Figure 1.7: Chemical structure of the polyphenolic compound (−) - epigallocatechin gallate 

(EGCG). 

 

 

 

 

 

 

 



16 

 

1.5 Rationale of the study   

ACMV is an important concern with regards to food security in sub-Saharan Africa, as it 

diminishes a staple food crop in the region, namely cassava. The attack of cassava by the 

mosaic virus also has economic implications. Understanding the mechanism of 

replication of the virus is essential so as to interfere with its replication and spread of the 

disease (Rizvi et al., 2015). There is an urgent need for the development of novel 

strategies to control the virus. Most DNA viruses use either one or more viral enzymes 

for replication but in some instances, host cellular enzymes are recruited for the successful 

completion of replication. These enzymes (host and/or viral) are, therefore, potential 

targets for the development of effective antiviral agents. Rep protein is an obvious target 

as it is indispensable for viral replication. The identification of small molecule inhibitors 

can be achieved by understanding the structural and biochemical functions of Rep in the 

life cycle. This study will add to the body of knowledge that already exists on the 

Replication-association protein in Geminivirus.   

1.6  Hypothesis  

The interaction of Rep protein with viral DNA can be disrupted by small molecule inhibitors.  

1.7  Aim 

To study Geminivirus' replication-association protein (Rep) as a target for the development of 

small molecule inhibitors.  

1.8  Objectives 

 Overexpression and purification of the recombinant Rep protein  

 Biochemical and biophysical characterisation of the Rep protein  

 Development of high-throughput screening (HTS) assay(s) 
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 Methodology 

2.1 Overexpression of the recombinant ACMV Rep   

2.1.1 Nucleotide and amino acid sequences coding for ACMV Rep protein 

For overexpression of ACMV Rep protein, ACMV DNA sequence was obtained from NCBI 

(https://www.ncbi.nlm.nih.gov/nucleotide/) with an accession number >NC_001467.1:c2756-

1680. The DNA sequence was then translated to the amino acid (aa) sequence using the 

ExPASy translating tool (https://web.expasy.org/translate/) and NCBI ORF finder 

(https://www.ncbi.nlm.nih.gov/orffinder/ ). From the aa sequence, ExPASy was then used to 

predict the theoretical molecular weight, pI and extinction coefficient of the Rep protein. 

 

2.1.2 ACMV Rep molecular clone construction 

ACMV DNA sequence was sent to GenScript for synthesis and cloning into pET-15b 

(Novagen, Darmstadt, Germany). The ACMV DNA encoding for Rep protein was cloned 

between NdeI and BamHI restriction sites of the pET-15b vector. Upon arrival to our lab, the 

DNA was stored at -20ºC. 

https://www.ncbi.nlm.nih.gov/nucleotide/
https://web.expasy.org/translate/
https://www.ncbi.nlm.nih.gov/orffinder/
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Figure 2.1: pET-32a expression vector map showing the multiple cloning sites. 

2.1.3 Bacterial transformations 

BL21 (DE3) pLysS E. coli competent cells (Novagen, Darmstadt, Germany) were 

transformed with pET-15b vector harbouring Rep recombinant DNA insert (GenScript, 

USA) using the heat shock method. Briefly, competent cells were thawed on ice. The 

thawed cells were then gently mixed and 50 µL of the cells pipetted in a transformation 

tube containing 1 µL (200 ng) pET-15b Rep DNA plasmid and incubated on ice for 30 

minutes. The transformation tube with the mixture was heat-shocked at 42 ºC for exactly 

45 seconds and the tube was placed on ice for 2 minutes.  The mixture was diluted 1:20 

with SOC media (New England Biolabs Inc, USA) and incubated for 1 hour at 37 ºC. The 

diluted mixture was then spread on lysogeny broth (LB) agar (Laboratorios Conda, Spain) 

plates with appropriate antibiotics [100 µg/mL ampicillin (Melford Laboratories Ltd) and 

35 µg/mL chloramphenicol (Calbiochem, Darmstadt, Germany)] and incubated overnight 

at 37 ºC. 
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2.1.4 Glycerol bacterial stock production 

A single colony of the transformed bacterial cells was picked from the LB agar plate and 

inoculated into 100 mL of LB media containing appropriate antibiotics (100 µg/mL and 

35 µg/mL chloramphenicol). The solution was incubated in a shaking incubator at 250 

rpm for 5 hours at 30 ºC. The bacterial culture was then aliquoted to a final 1 mL glycerol 

(Sigma-Aldrich, USA) stock by adding 300 µL of 60% glycerol to 700 µL of bacterial 

cells. These stocks were stored in a -80 ºC freezer for long term storage. 

2.1.5 DNA plasmid purification 

For subsequent DNA sequencing and restriction enzyme digestion, DNA plasmid 

purification was performed. This is according to StrataPrep Plasmid Miniprep 

manufacturer’s kit (Agilent Technologies, USA). Briefly, LB culture medium was 

inoculated with a single bacterial colony of BL21 (DE3) pLysS cells, the appropriate 

concentration of antibiotics was added and cells were incubated overnight at 37 ºC with 

vigorous shaking. The cell cultures were then aliquoted into a 1.5 mL microcentrifuge 

tube (Eppendorf, Hamburg, Germany) and centrifuged for 1 minute at 16 000 ×g , the 

supernatant was discarded. A volume of 100 µL solution 1[50 mM Tris-HCl (pH 7.5), 10 

mM EDTA and 50 µg/ml of RNase A] was added to the tube to resuspend the culture 

pellet and disperse the cells. A volume of 100 µL solution 2 [0.2 M NaOH, 1% (w/v) 

SDS] was added to the tube and mixed by gently inverting several times; the 125 mL of 

solution 3 [10 mM Tris HCl (pH 7.5), 100 mM NaCl, 2.5 mM EDTA] was also added and 

mixed gently. The mixed sample was centrifuged for 5 minutes at 16 000 ×g, the 

supernatant which contains the plasmid DNA was then decanted into a microspin column 

that is inserted into a 2 mL receptacle tube. The supernatant was centrifuged for 30 

seconds at 16 000 ×g and the filtrate discarded. A wash step was performed where 750 

µL of 1× nuclease removal buffer was added to the microspin column, centrifuged for 30 

seconds at 16 000 ×g and filtrate discarded. The sample in a microspin column was 

centrifuged at 16 000 ×g again and the filtrate discarded to remove all excess ethanol. The 

microspin column was transferred to a fresh 1.5 mL microncentrifuge tube, a volume of 

50 µL elution buffer (dH2O) was added directly on to the top of the fibre matrix of the 

microspin column and incubated for 5 minutes. The sample was then centrifuged for 30 

seconds at 16 000 ×g and the microspin column discarded, the filtrate sample was stored 

at -20 ºC. 
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2.1.6 DNA sequencing of ACMV gene encoding Rep protein 

Purified plasmid DNA stored at -20 ºC was thawed at room temperature (25 ºC). A 

volume of 20 µL plasmid DNA was aliquoted in a 500 µL Eppendorf tube and sent for 

sequencing using the T7 forward primer and T7 terminator universal primer [Inqaba 

Biotechnical Industries (Pty) Ltd, South Africa] (see Table 2.1). 

 Table 2.1: Primers used for DNA sequencing 

Universal primer name  Sequence (5ꞌ→3ꞌ) 

T7 promoter  TAATACGACTCACTATAGGG 

T7 terminator  GCTAGTTATTGCTCAGCGG 

 

2.1.7 Restriction enzyme double digestion 

Restriction enzyme digestion assay was performed as a supplementary assay to DNA 

sequencing for confirmation of DNA insert into the pET-15b vector. All the reagents were 

thawed on ice briefly. All the components [5 µL of 1× FD buffer (Fermentas, USA), 1 µL 

plasmid DNA, 1 µL of restriction enzymes [(BamHI and NdeI ), (Fermentas, USA)] and 

43 µL of nuclease-free water] of the reaction were mixed to a final volume of 50 µL in a 

microcentifuge tube. The reagents were tapped gently to mix and then centrifuged to settle 

down the reaction components. The reaction was incubated at 37 ºC in a water bath for 

an hour. To stop the reaction, a volume of 10 µL buffer [2.5% ficol 1-400 (Sigma-Aldrich, 

USA), 11 mM EDTA (Sigma-Aldrich, USA) (pH 8), 3.3 mM Tris-HCl (Sigma-Aldrich, 

USA), 0.017% SDS (Sigma-Aldrich, USA), 0.015% bromophenol blue)] was added to 

the reaction. The reaction samples along with 1 kb DNA ladder (New England Biolabs 

inc, USA) were analysed on a 1% agarose gel (Sigma-Aldrich, USA) in Tris-Acetate-

EDTA buffer (pH 7.0). DNA migration was viewed on the ChemiDoc MP gel imager 

(Bio-Rad, USA). 

2.1.8  Bacterial growth curve determination 

An overnight culture of the selected transformants was grown in LB media with 

appropriate antibiotics (100 µg/ml ampicillin and 35 µg/ml chloramphenicol) at 37 ºC. 

Briefly, an overnight culture was diluted 100-fold into fresh LB broth with the appropriate 
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antibiotics. The growth rate was monitored by reading absorbance at 600 nm every hour. 

A growth curve of time (hours) and absorbance was plotted using Microsoft Excel 2013. 

2.1.9 Gene induction for the over-expression of recombinant ACMV Rep protein 

An overnight culture of the selected transformants [BL21 (DE3) pLysS] was grown in LB 

broth with appropriate antibiotics (100 µg/ml ampicillin and 35 µg/ml chloramphenicol) 

at 37 ºC. Briefly, an overnight culture was diluted 100-fold into fresh LB broth with the 

appropriate antibiotics. The culture was grown for 2.5 to 3 hours until it reached an optical 

density (OD) reading of 0.6 at 600 nm. After an OD is reached, the culture was induced 

with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Merk, Calbiochem, USA) and 

further incubated at 37 ºC in a 250 rpm shaking incubator for 3 hours. The cells were 

harvested in 50 mL tubes by centrifugation on a model 5810 R multipurpose centrifuge 

with A-4-62 rotor (Eppendorf, Hamburg, Germany) at 3200 ×g for 30 minutes and stored 

as pellets at -80 ºC.  

2.2 Confirmation of protein induction by Sodium Dodecyl Sulfate–Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) 

A 12% Tris-Glycine SDS-PAGE (Bio-Rad, USA) was used to analyse the success of the 

expression with Mini-PROTEAN® II cell utilising the Laemmli method following 

staining with Coomassie Brilliant Blue (Laemmli, 1970). Briefly, protein samples along 

with protein molecular marker (Bio-Rad, USA) were loaded in the wells on a 12% Tris-

Glycine SDS gel and a power of 150 V applied for migration of proteins based on size. 

Proteins were analysed on the ChemiDoc™ MP gel imager (Bio-Rad, USA) to validate 

the presence of the Rep protein.  

2.3 Validation of ACMV Rep protein by Western blot 

For Western blot analysis, proteins separated by SDS-PAGE were transferred to a 

nitrocellulose PVDF membrane (Life Technologies, USA) using an iBlot gel transfer system 

(Life Technologies, USA). The membrane was blocked with 5% milk (w/v) powder in TBS 

(Conda Pronadisa Molecular Biology, Spain) for 1 hour at room temperature (24 ºC), followed 

by overnight incubation with 1:2000 anti-6×His-tag mouse monoclonal antibody (Thermo 

Fischer, USA) diluted in blocking buffer at 4 ºC. The blot was washed five times for 5 minutes 

with TBS-T [20 mM Tris (Sigma-Aldrich, USA), 150 mM NaCl (Sigma-Aldrich, USA), 0.1% 

(w/v) Tween 20 (Sigma-Aldrich, USA)]. The horseradish peroxidase (HRP)-conjugated Goat 
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Anti-Mouse IgG (Thermo Fischer, USA ) was incubated for an hour as a secondary antibody 

with strep-actin (Thermo Fischer, USA) at 1:10 000 dilution, followed by washing with TBS-

Tween five times for 5 minutes and developed using the 1:1 enhanced chemiluminescent (ECL) 

substrate (Bio-Rad, USA). The membrane was then viewed on the ChemiDoc™ MP system 

by exposure for 1 min. 

2.4 Optimisation of Rep protein overexpression 

The concentration of the Rep protein overexpressed was insufficient to perform further 

functional and structural studies. Therefore, induction studies which included changing 

parameters such as, bacterial competent strains [BL21 (DE3), BL21 (DE3) pLysS and T7 

Express E. coli competence cells], expression time, media [LB broth (10 g Tryptone, 5 g 

Yeast Extract and 5 g NaCl), 2× YT (16 g Tryptone, 10 g, Yeast Extract and 5 g NaCl), 

and Terrific Broth (12 g Tryptone, 24 g Yeast Extract, 4 mL Glycerol, 9.4 g K2HPO4, 2.2 

g KH2PO4)], inducer (IPTG) concentration and the addition of glucose (Sigma-Aldrich, 

USA). Different concentrations of filter sterilised glucose (0.1 %, 0.2 %, 0.3 %, 0.4 %, 

0.5 %, 1%, 2 %, 3 %, 4 % and 5 %) were added to the LB media before inoculation of 

overnight bacterial cells. The bacterial cells were cultured under a controlled environment 

(37 ºC, 250 rpm on an orbital shaker) until an OD 600 of 0.6-0.8. Different concentrations 

of IPTG (0.1 mM, 0.5 mM, and 1 mM) were added to the bacterial culture to determine 

the optimal IPTG concentration needed to induce protein overexpression. The maximum 

time needed for optimal protein expression was determined by taking samples every hour 

after induction with IPTG. SDS-PAGE was used to analyse the effect of parameters 

(glucose, IPTG and time) on protein overexpression.  

2.5 Purification of ACMV Rep protein from BL21 (DE3) pLyS bacterial cells 

2.5.1 Determination of Rep protein solubility 

The solubility of the Rep protein was determined by resuspending bacterial cell pellet in 

ice-cold lysis buffer (50 mM HEPES (Sigma-Aldrich, USA) pH 7.5, 500 mM NaCl 

(Sigma-Aldrich, USA), 10% glycerol, 1 mM MgCl2 (Sigma-Aldrich, USA), 1 mM PMSF 

(Sigma-Aldrich, USA), 4 mM CHAPS (Sigma-Aldrich, USA), 1 µl DNase I (Sigma-

Aldrich, USA) and 10 µl lysozyme (Sigma-Aldrich, USA). The bacterial culture was 

grown at 37 ºC pre-induction (OD600 of 0.6); the cultures were then grown at 37 ºC for 5 

hours and at 16 ºC overnight post-induction. The bacterial cells were homogenised for 2 

minutes using a homogeniser (Bandelin, Berlin) followed by cell lysis through sonication. 
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Briefly, the sonicator (Labsonic M ultrasonic processor, Sartorius, Germany) was used to 

break the cell walls for 30 seconds on the ice, 80% with 0.8 cycles. The process was 

repeated for six cycles and the lysate was centrifuged for 30 minutes, 12000 ×g at 4 ºC. 

The supernatant and pellet were sampled for solubility analysis by SDS-PAGE. 

2.5.2  Extraction of Rep protein from inclusion bodies 

2.5.2.1 Solubilisation using urea 

To solubilise the Rep protein from inclusion bodies, the pellet was resuspended in 

unfolding buffer A [50 mM HEPES (Sigma-Aldrich, USA) pH 7.5, 500 mM NaCl, 10% 

glycerol, 8 M urea (Sigma-Aldrich, USA)] overnight at 37 ºC with gentle shaking. The 

sample was finally centrifuged at 16000 ×g for 30 min at 4 ºC to clear debris, and the 

supernatant was collected.   

2.5.3 Purification and refolding of solubilised Rep protein  

Purification of the target protein from unwanted bacterial proteins was done on 

immobilised metal affinity chromatography (IMAC) charged with Ni2+ resin (GE 

Healthcare, UK) and pre-equilibrated using buffer A (50 mM Hepes pH 7.5, 1 M NaCl, 

10% glycerol and 8 M urea) connected to a Next Generation chromatography system 

(Bio-Rad, USA, USA). The cleared lysate (supernatant) was applied on 5 mL His-Trap 

FF (GE Healthcare, UK) column at 1mL/min, the column was washed exhaustively with 

buffer A to remove unbound proteins. The protein was eluted using a 0-100% linear of 

500 mM imidazole (Sigma-Aldrich, USA). Elution of the protein was monitored at 280 

nm and fractions containing protein were collected and analysed for the presence of Rep 

protein on a 12% Tris-Glycine SDS-PAGE. Fractions containing ACMV Rep were 

pooled and concentrated using an ultrafiltration cell with a 10 kDa cut-off membrane. 

Refolding of the protein to its native conformational structure was achieved by simple 

buffer dialysis where the urea is slowly removed at 4 ºC using a 4-mL (10-bed volumes) 

gradient from 8 to 0 M urea refolding buffer (Glynou et al., 2003).  
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2.5.4 ACMV Rep concentration determination  

The concentration of His-Tag-Rep was determined using NanoDrop™ 2000/2000c 

Spectrophotometer (Thermo Fisher Scientific, USA) at 280 nm. With the absorbance and 

extinction coefficient substituted in the Beer-Lambert law (c = A εl ⁄ ), where c is the 

molar concentration, A is the absorbance at a given wavelength, ε is the molar extinction 

coefficient (M-1cm1) and l is the path length of the cuvette (cm). The extinction coefficient 

of ACMV Rep is 53 775 M-1 cm-1. Aliquots of the purified protein were snap-frozen in 

liquid nitrogen and stored at −80 ºC.  

2.5.5 Optimisation purification of ACMV Rep protein 

2.5.5.1 Extraction of Rep protein from inclusion bodies using anionic detergent Sodium 

Dodecyl Sulfate (SDS) 

Bacterial culture was resuspended in 25 mL ice-cold lysis buffer [25 mM Tris-HCl, pH 

8.0, 178 mM NaCl, 10 mM MgCl2, and 1 mM PMSF]. The cells were disrupted by first 

homogenising and then sonicating for 6 minutes on ice. DNase I (5 µg/mL) was added 

after sonication and incubated at 4 ºC for 45 minutes to an hour. The lysate was clarified 

of cell debris by centrifugation at 12 000 ×g, 4 ºC for 30 minutes. The pellet with inclusion 

bodies were resuspended in binding buffer B [25 mM Tris-HCl, pH 8.0, 180 mM NaCl 

and 1% SDS (w/v)]. The sample in 1% SDS buffer was first homogenised and sonicated 

for six minutes, six cycles at 80 Hz, then incubated overnight at 24 ºC-25 ºC on a hula 

mixer (Thermo Fisher Scientific, USA). 

2.5.5.2 Purification of Rep protein with N-laurylsarcosine (Sarkosyl) on immobilised affinity 

chromatography (IMAC) 

The SDS was removed from the protein sample by precipitation through incubation on 

cold-ice for 30 minutes and centrifuged twice at 3600 ×g. The clarified supernatant was 

loaded onto a nickel affinity column that was equilibrated with binding buffer [25 mM 

Tris-HCl, pH 8.0, 180 mM NaCl and 0.1% Sarkosyl (w/v) (Sigma-Aldrich, USA)], flow-

throw collected. The 280 nm peak was equilibrated to baseline with the binding buffer. 

The elution of the protein was done with a linear gradient of 0-500 mM imidazole. Elution 

of the protein was monitored at 280 nm and fractions containing protein were collected 

and analysed for the presence of Rep protein on a 12% Tris-Glycine SDS-PAGE. 
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2.5.5.3 Removal of residual Sodium Dodecyl Sulfate (SDS) using Ion-exchange 

chromatography (IEC) 

Fractions of the collected protein from the purification with Sarkosyl (Sigma-Aldrich, 

USA) were diluted with buffer (25 mM Tris-HCl, 100 mM NaCl, 1 mM DTT and 8 M 

urea, pH 7.0) to unfold the protein. The solution was then loaded onto an ion-exchange 

chromatography Q-Sepharose resin (GE Healthcare, UK) at a flow rate of 1 mL/min, 

where the flow-through was collected in 3 mL fractions. Elution of the protein was 

monitored at 280 nm on the Next Generation Chromatography (NGC) system (Bio-Rad, 

USA, USA) and the fractions were analysed for the presence and purity of the Rep protein 

on a 12% Tris-Glycine SDS-PAGE. The protein was refolded using 10 kDa cut-off 

snakeskin dialysis tubing (Pierce Biotechnology, USA) into storage buffer (25 mM Tris-

HCl, 500mM NaCl, 1 mM DTT) in a stepwise manner.  

2.6 Structural determination of recombinant Rep proteins 

2.6.1 Fourier-transform infrared spectroscopy (FTIR) 

Secondary structural information of a protein can also be obtained through analysis using 

Fourier-transform infrared spectroscopy (Perkin-Elmer Frontier MID/FAR IR instrument, 

USA) with a HATR (Horizontal attenuated total reflectance) crystal plate. Briefly, the 

background signal was collected and a volume of 2 µL protein in storage buffer solution (25 

mM Tris-HCl, 500mM NaCl, 1 mM DTT) was then dropped on the crystal plate. 

Characterisation was done by measuring transmittance in percentage against wavenumber (cm-

1). A total of 10 scans were taken for each interferogram with a resolution of 2 cm-1 over a 

range of 400 cm-1 to 4000 cm-1. An FTIR spectrum of the buffer without the protein was also 

taken as a reference. The data were analysed with OriginPro 8 software (OriginLab). 

2.6.2 Intrinsic and extrinsic fluorescence 

The tertiary structure of Rep protein was assessed using a Perkin-Elmer LS50B luminescence 

(Perkin-Elmer, USA) spectrofluorimeter at 20 ºC. All measurements were recorded in 

triplicate. The tyrosine (Y) and tryptophan (T) residues were excited at 280 nm and the 

emission spectrum recorded from 280 to 450 nm. 
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2.7 Functional analysis of the purified recombinant Rep proteins 

2.7.1 Electrophoretic Mobility Shift Assay (EMSA) 

2.7.1.1 ACMV Rep-DNA binding assay    

DNA binding activity of the Rep protein was determined by incubating 0.5 µM dsDNA 

substrate (Table 2.2) mixed with Rep protein in a total volume of 25 µL with DNA binding 

buffer (25 mM Tris-HCl, pH 7.5, 75 mM NaCl, 5 mM MgCl2, 2.5 mM DTT, and 0.5 mM 

EDTA) for 1 hour at room temperature on a shaker for the binding reaction. The reaction was 

stopped by adding 5 µL of 2× loading buffer (30% glycerol, 0.25% bromophenol blue). The 

samples were electrophoresed on 3% agarose gel in sodium borate buffer (100 mM boric acid 

and 75 mM NaCl, pH 7.5) and visualised using the ChemiDoc system from Bio-Rad, USA.  

2.7.1.2 ACMV Rep-DNA cleavage assay  

Rep protein cleavage activity was determined by incubating Rep (400 nM) in a total volume of 

25 μL with 0.5 µM substrate ss-DNA (Table 2.2) for 1 hour at room temperature on a shaker 

in cleavage buffer (25 mM Tris-HCl, pH 7.5, 75 mM NaCl, 5mM MgCl2, 2.5 mM DTT, 0.5 

mM EDTA) (Kittelmann et al., 2009). The reaction was stopped by the addition of 5 µL of 2× 

agarose gel loading buffer (30% glycerol, 0.25% bromophenol blue). Samples were 

electrophoresed on a 3% agarose in sodium borate buffer [100 mM boric acid (Sigma-Aldrich, 

USA) and 75 mM NaCl, pH 7.5]. The gel was viewed on the ChemiDoc™ MP gel imager (Bio-

Rad, USA, USA) to determine the cleavage activity of ACMV Rep protein. Optimisation of 

this assay was done by changing one parameter at a time: running buffer (1× Tris-acetic acid-

EDTA/ 1× Tris-borate-EDTA), matrix (agarose/ polyacrylamide), matrix concentration (0.8%, 

1%, and 3%) and the different voltage (80 V, 150 V and 300 V) used. 
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Table 2.2: Primers/Substrates used in this study 

Primer  Sequence   Used in  

Wild type 

ssDNA 

oligonucleotide  

5ʹGCAATAATATTACCGGATGGCC3ʹ  DNA 

Cleavage 

assay  

   

Wild type 

dsDNA oligo 1  

5ʹTGTTTTTGGTGTCTTGGTGTCCAATATA3ʹ-

FITC  

DNA 

binding 

assay  
Wild type 

dsDNA 

oligonucleotide  

2  

3ʹACAAAAACCACAGAACCACAGGTTATAT5ʹ-

FITC  

  

2.7.2 Development of an Enzyme-Linked Immunosorbent Assay (ELISA) 

2.7.2.1 Nunc MaxiSorp TM flat-bottom 96 well plate 

Rep protein was diluted in a coating buffer [100 mM bicarbonate-carbonate (Sigma-Aldrich, 

USA) pH 9.6] to 0.5 µM and added to a Maxisorp TM flat-bottom 96 well plates (Thermo Fisher 

Scientific, USA ) in 100 µL volume each well. Plates were incubated at 4 ºC overnight. The 

protein was decanted and blocking buffer [Phosphate-buffered saline (PBS), 5% milk powder] 

was added at 100 µL per well, the plate was incubated at ambient temperature (25 ºC)  for 2 

hours. The wells were washed once with PBS. The plate was incubated at ambient temperature 

for 1 hour. Wells were washed with PBS once and dsDNA-FITC diluted in reaction buffer [50 

mM HEPES (Sigma-Aldrich, USA) pH 7.4, 5 mM MgCl2, 1 mM DTT, 10 mM NaCl, 0.3% 

Igepal (Sigma-Aldrich, USA)] to a final concentration of 0.5 µM and added to wells at 100 µL 

each. The plate was incubated at ambient temperature for 1 hour. After an hour, the plates were 

washed three times with TBS-Tween and anti-FITC HRP-conjugated antibody (Sigma-

Aldrich, USA) was diluted in TBS-tween by 1:2500 and 100 µL was added to each well. The 

plate was incubated at ambient for 1 hour and washed with TBS-Tween five times. TMB ( 

3,3',5,5'-Tetramethylbenzidine) a substrate for horseradish peroxidase (HRP) (Sigma-Aldrich, 
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USA) was added to wells and the plate was incubated at 37 ºC for 30 minutes and absorbance 

was determined at 630 nm on a UV-vis spectrophotometer. 

2.8 Inhibition studies 

2.8.1 ACMV Rep-DNA binding inhibition assay    

DNA binding inhibition activity of compounds [EGCG (Sigma-Aldrich, USA) and CA (Sigma-

Aldrich, USA)] against ACMV Rep interacting with ACMV DNA. Briefly, for positive 

control: dsDNAsubstrate (0.5 µM) was mixed with ACMV Rep (0.4 µM) protein in a total 

volume of 25 µL with DNA binding buffer (25 mM Tris-HCl, pH 7.5, 75 mM NaCl, 5 mM 

MgCl2, 2.5 mM DTT, 0.5 mM EDTA) for 1 hour at room temperature on a shaker for the 

binding reaction. For inhibition reaction: ACMV Rep was incubated with DNA in the presence 

of an increasing concentration (0.1-100 µM) of the compound. The reaction was stopped by 

adding 5 µL of 2× loading buffer (30% glycerol, 0.25% bromophenol blue). The samples were 

electrophoresed on 3% agarose gel in sodium borate buffer (100 mM boric acid and 75 mM 

NaCl, pH 7.5) and visualised using the ChemiDoc system from Bio-Rad, USA. 

2.8.2 ACMV Rep-DNA cleavage assay  

Inhibition of Rep protein cleavage activity by compounds was determined by incubating Rep 

(400 nM) in a total volume of 25 μL with 0.5 µM substrate ssDNA for 1 hour at room 

temperature on a shaker in cleavage buffer [25 mM Tris-HCl, pH 7.5, 75 mM NaCl, 5 mM 

MgCl2, 2.5 mM DTT, 0.5 mM EDTA] (Kittelmann et al., 2009). For inhibition reaction: Rep 

was incubated with DNA in the presence of an increasing concentration (0.1-100 µM) of the 

compound. The reaction was stopped by the addition of 5 µL of 2× agarose gel loading buffer 

(30% glycerol, 0.25% bromophenol blue). Samples were electrophoresed on a 3% agarose in 

sodium borate buffer [100 mM boric acid (Sigma-Aldrich, USA) and 75 mM NaCl, pH 7.5]. 

The gel was viewed on the ChemiDoc™ MP gel imager (Bio-Rad, USA, USA) to determine 

the cleavage activity of ACMV Rep protein. Optimisation of this assay was done by changing 

one parameter at a time: running buffer (1× Tris-acetic acid-EDTA/ 1× Tris-borate-EDTA), 

matrix (agarose/ polyacrylamide), matrix concentration (0.8%, 1%, and 3%) and the different 

voltage (80 V, 150 V and 300 V) used.
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 Results 

3.1 Nucleotide and amino acid sequences coding for Rep protein 

For overexpression of the Rep protein, ACMV DNA sequence was obtained from National 

Centre for Biotechnology Information (https://www.ncbi.nlm.nih.gov/nucleotide/) with an 

accession number >NC_001467.1:c2756-1680 (see Figure 3.1), the DNA sequence was then 

used as a template translated to amino acid (aa) sequence (see Figure 3.2) using the NCBI Open 

Reading Frame (ORF) finder (https://www.ncbi.nlm.nih.gov/orffinder/ ). The ORF 2 was the 

one coding for ACMV Rep protein with 358 amino acids.  From the amino acid sequence, 

ExPASy was then used to predict the theoretical molecular weight, pI and extinction coefficient 

of the Rep protein (see Table 3.1). 

 

Figure 3.1: African cassava mosaic virus isolate West Kenyan 844 segment DNA1. 

https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/orffinder/
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Figure 3.2: ACMV 358 amino acid sequence. 

Table 3.1: Theoretical characterisation of Rep protein using ExPASy bioinformatics tool. 

Theoretical Molecular weight (kDa) 40  

Theoretical pI 6.77 

Theoretical Extinction Coefficient (M-1 cm-1) 53775  

Number of Tyrosine residues (Y) 10 

Number of Tryptophan residues (W) 7 

Number of Phenylalanine residues (F) 19 

 

3.2 Bacterial transformation  

The transformation of BL21 (DE3) pLysS E. coli competent cells with a plasmid carrying a 

gene coding for ACMV His-tagged Rep (GenScript) by a heat shock method was successful. 

These cells were plated on sterilised agar media containing appropriate antibiotics (100 µg/mL 

ampicillin and 35 µg/chloramphenicol). The cells were incubated overnight at 37 ºC to assess 

the success of the transformation procedure (see Figure 3.3). The uptake of the plasmid DNA 

by the bacterial E. coli cells was successful. Bacterial stock solution was successfully produced 

after picking a single colony and growing it overnight. 
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Figure 3.3: Agar plate showing pET-15b-ACMV-Rep transformed colonies.  

Bacterial hosts BL21 (DE3) pLysS E. coli competent cells from New England Biolabs were 

used. The (1:100) diluted cells were plated on sterilised agar media with appropriate antibiotics, 

ampicillin (100 µg/mL) and chloramphenicol 35 µg/mL) and incubated overnight at 37 ºC.  

3.3 Verification of the ACMV Rep plasmid 

3.3.1 Enzyme restriction digestion  

Restriction digestion was done to confirm the uptake of plasmid DNA with ACMV Rep gene 

insert. NdeI and BamHI restriction enzymes that digets at NdeI and BamHI restriction sites 

were used. The enzymes used digest maximally at 37 ºC in a water bath for 1 hour and the 

products were analysed on 1% agarose gel electrophoresis. Figure 3.4 shows the successful 

restriction digestion of plasmid DNA after incubation. Lane 1 shows undigested plasmid DNA 

while Lane 2 shows single enzyme digestion with a band approximately above 5700 bp and 

Lane 3 shows two distinctive bands with sizes that are expected (5700 bp and 1155 bp). This 

figure indicates the success of the enzyme restriction digestion.  
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Figure 3.4: A 1% agarose gel showing the single and double enzyme digestion of plasmid from 

transformed BL21 (DE3) pLysS. 

Lane M: 1 kb Molecular DNA marker (Fermentas, USA), Lane 1: Undigested plasmid, Lane 

2: Single digest of plasmid DNA with BamHI restriction enzyme and Lane 3: Double digest of 

plasmid DNA with BamHI and NdeI restriction enzymes. 

3.3.2 DNA sequencing  

To confirm the identity of target gene insert on the plasmid, DNA sequencing was performed 

at Inqaba Biotec. The purified DNA sample was analysed using the T7 promoter and T7 

terminator universal primers (Inqaba Biotec, South Africa) and the sequencing results obtained 

showed 92.47% identity to Rep sequence from the NCBI depository as a result of codon 

optimisation applied during the synthesis of Rep gene by Genscript. Results for both the T7 

forward and reverse primers were analysed but Figure 3.5 only shows the T7 forward primer 

results. The arrow depicts a portion of the Rep protein from the start codon (ATG).  
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Figure 3.5: DNA sequencing chromatogram results from Inqaba Biotec analysed using BioEdit 

tool. 

Coloured peaks correspond to each unique nucleotide picked, blue: Cytosine (C), black: 

Guanidine (G), green: Adenine (A) and Red: Thymine (T). Only the T7 forward primer 

sequencing results are presented in this figure with the arrow showing where the start codon 

coding for Methionine (M). 

3.4 Overexpression of ACMV Rep protein 

3.4.1 Bacterial growth curve 

To determine the optimal time to start induction of protein expression by the bacterial cells. 

The growth of bacteria (see Figure 3.6) in growth media supplemented with 5% glucose was 

studied. The maximum time the bacteria grew to an optical density of 0.6-0.8 was 2 hours.    
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Figure 3.6: E. coli BL21 (DE3) pLysS growth curve against time. 

The growth of bacteria is determined by the optical density in the growth media at an 

absorbance of 600 nm. Blue line [BL21 (DE3) pLysS without glucose] represents bacterial 

growth in media not supplemented with 5% glucose and the red line [BL21 (DE3) pLysS with 

glucose. Dotted line intercepting at a point (asterisk) is extrapolating the time used by the 

bacteria to reach an optical density of 0.6 which is 2 hours. 

3.5 Confirmation of protein induction by Sodium Dodecyl Sulfate–Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) and Western blot 

3.5.1 Overexpression of target ACMV Rep protein and size determination standard curve 

Expression of ACMV recombinant Rep protein by BL21 (DE3) pLysS E. coli cells was 

detected after 5 hours post-induction with 1 mM IPTG, as determined by SDS-PAGE (see 

Figure 3.7 A). Rep protein with an expected size of 40 kDa was overexpressed in the induced 

bacterial sample as seen in Figure 3.7 A, Lane 1 compared to the un-induced bacterial sample 

in Figure 3.7, Lane 2. A molecular marker in kilodalton was electrophoresed alongside with 

the bacterial samples and used for size determination (see Figure 3.7, Lane M). The migration 

distance of the molecular marker was used to construct a standard curve (see Figure 3.7 B). 
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The size of the overexpressed protein was determined by using the migration distance of 

overexpressed Rep protein on the equation y= -0.031x + 2.6114 of the standard curve. It was 

then calculated to be 40 kDa (see Figure 3.7 B). 

 

  

Figure 3.7: Represents a 12% SDS-PAGE analysis of Rep overexpression in BL21 (DE3) 

pLysS E. coli cells and molecular weight standard curve. 

Lane M: Molecular marker protein in kilodalton (Precision Plus Protein TM Standard), Lane 

1: Un-induced bacteria cells and Lane 2: Induced bacteria cells. Arrow indicates the 40 kDa 

overexpressed recombinant Rep protein (A). (B) Represents a standard curve relating relative 

mobility to the log of molecular weight markers (kDa) used in 12.5% reducing SDS-PAGE 

gels. The equation of the trend line is given by y = -0.031x +2.6114, with a correlation 

coefficient of 0.986. 

3.5.2 Western Blot 

To confirm the overexpression and identity of His-tagged Rep recombinant protein, Western 

Blot was performed by transferring proteins from SDS-PAGE to a PDVF Western Blot 

membrane using 1:2000 anti-His mouse monoclonal antibody and 1:10000 Goat Anti-Mouse 

HRP (IgG) antibody to detect target protein. It is indicated in Figure 3.8 showing the 

overexpression of Rep protein on an SDS-PAGE and a corresponding Western Blot picture 

that indeed the overexpressed protein indicated with an arrow in Figure 3.8 A is the detected 

single band on Figure 3.8 B, also indicated with an arrow.    
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Figure 3.8: A 12% SDS-PAGE showing Rep protein expression induced with 1 mM IPTG in 

BL21 (DE3) pLysS E. coli cells (A) and the corresponding western blot (B). 

Rep protein expression induced with 1 mM IPTG and Rep protein analysed on western Blot 

using 1:2000 anti-His Mouse monoclonal antibody and 1:10000 Goat Anti-Mouse HRP (IgG) 

antibody (B). Lane M: Molecular marker in kilodaltons, Lane 1: After 1.5 hour induction, Lane 

2-4: After 3 hours induction. 

3.6 Optimisation of ACMV Rep protein Overexpression 

To make sure that optimal conditions for high protein production were applied, optimisation 

of overexpression conditions was explored. The use of different media (Terrific, 2 × YT and 

LB) as a source of nutrients for the growth of bacteria was compared. The Terrific broth was 

found to be an optimal growth medium as compared to LB and 2 × YT broth (see Figure 3.9 

A). The other condition explored was expression time at an interval of 30 minutes and results 

showed that expression levels of Rep protein increased over time. Overexpressed Rep protein 

was detected as early as 30 minutes post-induction but the optimal time for overexpression was 

three hours post-induction (see Figure 3.9 B, Lane 7). The last two parameters analysed were 

the use of different IPTG concentrations (0.1 mM, 0.5 mM, and 1 mM) to induce 

overexpression of the Rep protein. Optimal overexpression was indicated from 0.5 mM-1 mM 

IPTG (see Figure 3.10 A). Then lastly, different glucose concentrations (1%, 2%, 3%, 4%, and 

5%) as a nutrient supplement in LB broth were analysed on SDS-PAGE and resulted in an 

increased overexpression of recombinant Rep protein as compared to the no glucose sample 
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(see Figure 3.10 B). As compared to 0% glucose (see Figure 3.10 A) an increase in the 

percentage concentration of glucose in media has an incremental impact on the overexpression 

of recombinant Rep protein (see Figure 3.10 B). Lower concentrations of glucose (0.1%, 0.2%, 

0.3%, 0.4%, and 0.5%) were also tested and they did not have any effect on the overexpression 

as compared to higher concentrations in Figure 3.10 B (Data not shown).  

 

Figure 3.9: A 12% SDS-PAGE showing overexpression of the recombinant ACMV Rep 

protein. 

(A) Represents overexpression in different rich media (LB broth, 2×YT broth, and terrific 

broth). Lane M: Molecular maker in kilodalton, Lane 1: Uninduced bacteria in LB broth, Lane 

2, 3 and 4: Induced bacterias in LB media, Lane 5: Uninduced bacteria in 2×YT media, Lane 

6 and 7: Induced bacteria in 2×YT media and Lane 8: Uninduced bacteria in Terrific media, 

Lane 9, 10: Induced bacteria in Terrific broth. Arrow indicates overexpressed Rep protein at 

the size of 40 kDa. Terrific broth as a nutrient source produces high yields of recombinant Rep 

protein compared to 2× YT and LB media under the same growth condition. (B) Represents 

Rep protein expression studies in BL21 (DE3) pLysS E. coli cells at different times, a 30 

minutes interval after induction with 1 mM IPTG. Lane M: molecular marker, Lane 1: 

Uninduced, Lane 2: induction after 30 minutes, Lane 3: induction after 1 hour, Lane 4: 

induction after 1.5 hours, Lane 5: induction after 2 hours, Lane 6: induction after 2.5 hours and 

Lane 7: induction after 3 hours. Expression levels of Rep protein increased over time. 
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Figure 3.10: A 12% SDS-PAGE showing Rep protein expression studies in BL21 (DE3) pLysS 

E. coli cells. 

Ladder: Molecular marker in kilodalton. The arrow indicates overexpressed Rep protein with 

a size of 40 kDa. (A) Represents the effect of IPTG (0.1 mM 0.5 mM and 1 mM) on 

overexpression of Rep protein. (B) Represents glucose studies, BL21 (DE3) pLysS E. coli cells 

were allowed to grow in LB medium supplemented with glucose (1%-4%) until an optical 

density of 0.6 is reached. Then a four hours incubation post-induction with 1 mM IPTG. 

Overexpression of recombinant Rep protein increases with an increase in percentage 

concentration of glucose. 

3.7  Purification, refolding and concentration determination of ACMV recombinant 

Rep protein 

3.7.1 Solubility studies of the Rep protein 

Bacterial cultures were harvested and processed further by rupturing the cell walls using lysis 

buffer and sonication. The solubility of the protein was then assessed by analysing the pellet 

and supernatant fractions on SDS-PAGE after centrifugation (see Figure 3.11). The supernatant 

showed very low protein concentrations indicated by a band size (see Figure 3.11, Lane 3) and 

all the protein was located in the lysed pellet fraction (see Figure 3.11, Lane 2). High yields of 

protein detected in the lysed pellet fraction on SDS-PAGE indicated that the protein was 
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insoluble (see Figure 3.11). Therefore, attempts were made to optimise the solubility of Rep 

protein in bacterial cells during the overexpression but no improvements were observed. The 

insoluble fraction became the focus of subsequent purification procedure for Rep protein.  

 

 

Figure 3.11: A 12 % SDS-PAGE analysis of fractions from Rep protein solubility studies. 

Lane M: Molecular marker in kilodaltons, Lane 1: Bacterial lysate, Lane 2: Lysate pellet, Lane 

4: Lysate supernatant. Arrow indicates Rep protein at the molecular weight of 40 kDa in the 

lysate, insoluble and soluble fractions. As compared to the starting lysate (Lane 1) centrifuged, 

the final insoluble fraction had a band of the same size (Lane 2) and a smaller band in the 

soluble fraction (Lane 3) suggesting that the protein is in inclusion bodies. 

3.7.2 Purification of the ACMV recombinant Rep protein 

The protein had to be solubilised using 8 M urea to extract it from inclusion bodies. When 

loaded on an affinity column, the protein did not bind strongly to the His-FF Nickel affinity 

column as it was observed on SDS-PAGE showing fractions eluted earlier with unwanted 

bacterial proteins (see Figure 3.12 and Figure 3.13, Lane F4). A protein concentration of ≥ 65% 

purity was purified (see Figure 3.13). This protein was only enough for activity studies but not 

enough or of good quality for structural studies. The protein was further purified using ion-

exchange chromatography columns (HiTrap SP Sepharose HP and HiTrap Q Sepharose HP) 

but this too did not make any improvements (Data not shown). The purified protein was then 

refolded by stepwise dialysis and concentrated. 
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Figure 3.12: Nickel column elution profile of a sample containing recombinant Rep protein. 

Conditions: Sample was in binding buffer (50 mM HEPES, pH 8, 1 M NaCl, 10 % glycerol 

and), flow rate (1 mL/mim), pressure (0.3 mPa), Elution buffer ((50 mM HEPES, pH 7.5, 1 M 

NaCl, 10 % glycerol and 500 mM imidazole), elution gradient (50 mL/100 % B) and 3 mL 

fraction size. Arrows indicates peaks at which different fractions were collected. Rep protein 

was eluted from the second peak (Fraction 5, 6 and 7). 
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Figure 3.13: A 12 % SDS-PAGE analysis of protein purification on a Ni2+ affinity column. 

Lane M: Molecular marker in kilodaltons, Lane 1: Purified Rep protein fraction, Lanes 2: 

Supernatant fraction from lysis lysate. Lane 3: Protein flow through, Lane F4-14: Eluted 

protein fraction with a 500 mM gradient imidazole. Arrow indicates the 40 kDa Rep protein. 

Rep protein was eluted early in fractions 3 and 4 with contaminating bacterial proteins, the 

protein appears purified from most contaminants later in fractions 10- 14 at an imidazole 

concentration of 132.5 mM.  

3.7.3 Purification of ACMV recombinant Rep protein solubilised with SDS 

Attempts were also made to totally expose the histidine tag on the protein by using SDS and 

Sarkosyl as unfolding denaturants and loading it on the His Trap HP Ni 2+ affinity column (see 

Figure 3.14). Purification using SDS and Sarkosyl made significant improvements with regards 

to the purity of the protein. The protein eluted was as pure as ≥ 95% and detected on SDS-

PAGE (see Figure 3.15). However, it is unfolded/denatured and refolded to its native structure 

conformation. Western blot detection of the tagged Rep protein using an anti-His monoclonal 

antibody was performed to confirm the identity of the purified protein (see Figure 3.16). To 

remove residual SDS from the protein, a HiTrap Q Sepharose column was used to bind the 

negatively charged SDS and let the SDS-free protein elute in 8 M urea elution buffer (see 

Figure 3.17). 
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Figure 3.14: Rep protein purification profile from 1 L bacterial culture on a His Trap HP Ni 2+ 

affinity column. 

Elution was achieved using a gradient of 500 mM imidazole in binding buffer (25 mM Tris-

HCl, pH 8.00, 180 mM NaCl, 0.1% Sarkosyl and 1 mM DTT). Rep protein was eluted early in 

fractions 3 and 4 with contaminating bacterial proteins. The protein appears purified later from 

fractions 6- 64 at an imidazole concentration of 10 mM. 
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Figure 3.15: A 12% SDS-PAGE analysis of fractions from Rep protein purification on the Ni2+ 

affinity column. 

Lane M: Molecular marker, Lane 1: Un-induced bacterial cells,  Lane 2: Bacterial lysate, Lane 

3: Lysate pellet, Lane 4: Lysate supernatant, Lane 5: Pellet in 1% SDS, Lane 6: Sample loaded, 

Lane 7: Flow-through, Lane 8-23: Fraction 3, 4, 5, 6, 8, 10, 12, 14, 16,18, 20, 24, 26, 28, 30, 

40, 50, 46, 60, 62 and 64. 
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Figure 3.16: Western blot analysis of the Rep protein using 1:2000 anti-His Mouse monoclonal 

antibody and 1:10000 Goat Anti-Mouse HRP (IgG) antibody. 

Lane M: Molecular marker, Lane 1: Un-induced bacterial cells,  Lane 2: Bacterial lysate, Lane 

3: Lysate pellet, Lane 4: Lysate supernatant, Lane 5: Pellet in 1% SDS, Lane 6: Sample loaded, 

Lane7: Flow through, Lane8-23: Fraction 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 24, 26, 28, 30, 

40, 50, 46, 60, 62 and 64. 

 

Figure 3.17: A 12 % SDS-PAGE analysis of fractions from Rep protein purification on the Q 

Sepharose fast flow. 

Lane M: Molecular marker in kilodalton, Lane 1: Sample from Ni2+ affinity column, Lane 2: 

Flow-through collected in 3 mL fractions. 
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3.8 Protein determination  

The concentration of Rep protein was calculated using the protein absorbance at 280 nm from 

NanoDrop™ 2000/2000c Spectrophotometers (see Figure 3.18). 

 

Figure 3.18: Absorbance spectrum of Rep protein at 280 nm using the NanoDrop™ 2000/2000c 

Spectrophotometer. 

3.9 Structural determination of recombinant Rep proteins 

3.9.1 Secondary structure prediction  

The secondary structure composition was predicted using an online program, CFSSP 

(http://www.biogem.org/tool/chou-fasman/index.php), found on ExPASy. A fasta format 

amino acid sequence was used as a query template and the output is presented in the figure 

below (see Figure 3.19). Online secondary structure prediction results in Figure 3.19 show that 

Rep protein is composed of 59.8% of α-helix (Red), 29. 3% of extended strands (which makes 

up β-sheet in blue) and 15.6% of turns (Green). According to the report, coils were not 

calculated as a percentage but the graphic view of the prediction shows that Rep protein 

contains coils (Yellow). 
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Figure 3.19: ACMV Rep protein secondary structure prediction analysis using the online 

prediction tool CFSSP. 

This server uses the Chou and Fasman algorithm to predict the secondary structure of ACMV 

Rep protein based on analyses of relative frequencies of each amino acid in beta sheets, turns 

and alpha helices in comparison with known protein structures resolved with X-ray 

crystallography. The Rep protein is shown to have helices (H) depicted in red, sheets (E) 

depicted with green, turns (T) depicted with blue and coils (C) depicted in yellow. This also 

shows the percentage of each composition except for coils, where the percentage of helices is 

59.8%, 29.3% for sheets and lastly for β turns is 15.6 %. 
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3.9.2 Fourier-transform infrared (FTIR) 

The secondary structure was characterised using Fourier-transform infrared. This was done as 

percentage transmittance (see Figure 3.20) and then converted into absorbance using Beer’s 

law (A= 2- log T %)) (see Figure 3.21 ). The Fourier-transform IR detected only the Amide I 

region (1600 cm -1 - 1700 cm -1). This region cannot reveal the secondary composition of a 

protein because of the overlapping individual peaks. The peaks were identified and described 

according to their as compared to known frequencies of peaks from proteins (see Table 2.1). 

The overlapping Amide I region (see Figure 3.22) was then self-deconvoluted after baseline 

correction under the Gaussian model (see Figure 3.23).  
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Figure 3.20: An original FTIR spectra of both sodium phosphate buffer (Black) and Rep protein 

in the buffer (Red) in the 4000–1000 cm-1 regions. 

The data was measured as percentage transmittance. The graph shows differ rent peaks 

indicating different functional groups in both the protein and buffer. The peaks at different 

wavelengths are described in Table 3.2. 



48 

 

500 1000 1500 2000 2500 3000 3500 4000

0,00

0,01

0,02

0,03

0,04

0,05

0,06

57
4

10
20

11
20

14
24

14
58

16
56

28
48

29
68

32
84 33

86

A
bs

or
ba

nc
e 

(A
rb

itr
ar

y 
un

its
)

Wavenumber (cm
-1

)

Buffer

 Rep 

Deconvulated A
mideI p

eak

 

Figure 3.21: An original FTIR spectra of both sodium phosphate buffer and Rep protein in 

buffer in the 4000–1000 cm-1 region. 

The data was translated from percentage transmittance to absorbance. The different peaks 

indicate different functional groups, peak at 574 cm-1: -C≡C-H: C-H bend, peak at 1020 cm-1: 

C-O stretch, 1120 cm-1: C-N stretch (in-ring), 1424 cm-1:  C-C stretch, 1656 cm-1, 2848 cm-1, 

2968 cm-1: C-H stretch, 3284 cm-1: -C≡C-H: C-H stretch, 3386 cm-1: O-H stretch, H bonded. 

The marked deconvoluted peak is one that depicts a secondary structure of the Rep protein. 
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Table 3.2: FTIR analysis of ACMV recombinant Rep protein 

Approximate 

frequencies 

(cm-1) 

Description  Functional 

groups 

Rep 

protein 

frequencies 

(cm-1) 

3500-3200 O-H 

stretch, H 

bonded 

Alcohols, 

phenols 

3386 

3330-3270 -C≡C-H: 

C-H stretch 

Alkynes 

(Terminal) 

3284 

3000-2850 C-H stretch Alkanes 2968 

    2848 

   1656 

1470-1450 C-H bend  Alkanes 1458 

1500-1400 C-C stretch Aromatics 1424 

1120 C-N stretch 

(in-ring) 

Aliphatic 

amines 

1120 

1320-1000 C-O stretch  Alcohols, 

carboxylic 

acids, 

esters, 

ethers 

1020 

700-610 -C≡C-H: 

C-H bend 

Alkynes 640 
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Figure 3.22: FTIR spectra of the expanded view of the Amide I region (1600 cm -1-1700 cm -

1), a broad peak due to the overlapping secondary components peaks. 

 

Figure 3.23: Second derivative FTIR spectra of the Amide I region (Red) resolved into its 

secondary structure components. 

Baseline was corrected before deconvolution under the Gaussian model. The Amide 1 region 

was mathematically resolved under the Gaussian model into α-helices (Green), Random coils 

(Pink), β-sheets (Orange) and β-turn (Blue). 

 



51 

 

3.9.3 Intrinsic and extrinsic fluorescence for tertiary structure  

The tertiary structure of the Rep protein was determined using a fluorescence 

spectrophotometer. The indole ring on the seven tryptophan residues of Rep protein was 

excited at a wavelength of 295 nm (see Figure 3.24) while both the phenyl ring of tyrosine and 

the indole ring of tryptophan were excited at 280 nm (see Figure 3.25) which resulted in an 

emission wavelength maxima at 350 nm. 
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Figure 3.24: Fluorescence emission spectra of 3 µM Rep protein (red line) and buffer (20 mM 

sodium phosphate, pH 8.00, 5 mM DTT, 10 % glycerol) when excited at 280 nm. 
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Figure 3.25: Fluorescence emission spectra of 3 µM Rep protein (Red line) and buffer (20 mM 

sodium phosphate, pH 8.00, 5 mM DTT, 10 % glycerol) when excited at 295 nm. 

3.10 Functional analysis of the purified recombinant Rep proteins 

To determine the integrity and functional activities of the purified and refolded recombinant 

Rep protein, EMSA for DNA binding and cleavage assays were done. The different 

concentrations of Rep protein were tested for activity. The assay in Figure 3.26 clearly shows 

the binding activity of the purified protein, as the band in the negative control well (unbound 

DNA) migrates at a different speed compared to the band in the experiment wells with due to 

protein-DNA binding. The cleavage activity of Rep protein to ssDNA substrate was also 

assessed in an EMSA. Figure 3.27 shows that the ssDNA in the presence of purified Rep protein 

resulted in two bands compared to the negative control with free ssDNA. Figure 3.28 shows 

the binding activity of ≥95% purity Rep protein that was SDS-Sarkosyl unfolded and refolded 

to its native structure. The activity of the protein was concentration-dependent (see Figure 3.28, 

Lane 4-12) but reaches saturation where not all dsDNA binds to the protein.   
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3.10.1 Electromobility Shift Assay (EMSA) 

 

 

Figure 3.26: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, pH 7.5) 

electrophoresed at 150 V. 

It represents DNA binding assay with different protein concentrations (5.0 µM, 3.5 µM and 

3.0 µM) in reaction buffer with 0.5 µM dsDNA-FITC. Lane N: DNA only. 

 

                                  

Figure 3.27: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, and pH 7.5) 

electrophoresed at 150 V. 

It represents DNA binding assay with different concentrations of Rep protein from Lane 5 to 

14 (0.1, 0.2, 0.3 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1) and 0.5 µM dsDNA-FITC. Lane 1: DNA only, 

Lane 2 and 3: 0.4 µM Protein-DNA complex. 
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Figure 3.28: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, pH 7.5) 

electrophoresed at 300 V. 

It represents DNA cleavage assay with different concentrations of protein (5.0 µM, 3.5 µM, 

and 3.0 µM) in reaction buffer with 0.5 µM single-stranded DNA. Lane N: DNA only. 

 

3.10.2 Enzyme-linked Immunosorbent Assay (ELISA) 

To develop a high throughput screening assay for small molecule inhibitors, the binding 

activity of Rep protein was assessed in a 96-well microtiter plate. The purified protein 

incubated with FITC-labelled dsDNA formed a complex detected using an anti-FITC antibody 

that is conjugated to HRP. A negative control reaction was prepared without Rep protein. This 

activity was analysed by adding TMB substrate for 5 minutes in the dark to develop a blue 

colour and read at 630 nm (Figure 3.29). The results showed the binding of Rep protein to 

dsDNA when looking at the absorbance of the positive reaction as compared to the negative 

reaction. Therefore, this assay is amenable for high throughput screening of compounds.  
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Figure 3.29: ELISA to confirm the binding of ACMV Rep protein with ACMV dsDNA. 

The responses indicate binding between Rep and the dsDNA (positive) as compared to the 

control (negative). The absorbance was measured at 630 nm and the error bars represent 

standard deviation from two independent experiments. 

3.11 Inhibition studies  

To test the inhibition potential of polyphenolic compounds (CA and EGCG) on the interaction 

between Rep proteins with ACMV DNA, EMSA for the binding and cleavage assays were 

performed. A reaction of different concentrations Rep protein with DNA (dsDNA for binding 

or ssDNA for cleavage) in the presence of CA or EGCG after incubation in a reaction buffer 

for 1 hour at room temperature (25 °C) was analysed on a 1 % agarose gel. Results shows that 

inhibition of the binding activity between Rep and its substrate dsDNAstarts at a concentration 

of ≥ 11µM where a concentration of 100 µM completely inhibited the activity (see Figure 3.30). 

CA also inhibited the binding interaction of Rep protein with dsDNA at a concentration of 100 

µM (see Figure 3.31). On the cleavage activity of Rep protein on ssDNA, inhibition is detected 

at concentration 33 µM of EGCG (see Figure 3.32 A) with complete inhibition at 

concentrations ≥ 100 µM (see Figure 3.32 B). CA shows no inhibition of the protein-DNA 

complex, CA exhibits fluorescence characteristics under UV light. (see Figure 3.33). 
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3.11.1 Inhibition of protein-DNA binding  

 

Figure 3.30: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, and pH 7.5)   

electrophoresed at 150 V.  

It represents DNA binding assay with different concentrations of EGCG compound in reaction 

with 0.4 µM Rep protein and 0.5 µM dsDNA-FITC. Lane N: Free dsDNA, Lane P: protein-

DNA complex, Lane 0.1, 0.4, 1.2, 3.7, 11, 33, and 100: increasing concentration (µM) of 

EGCG compound in a reaction with DNA and protein. Inhibition is at concentrations ≥ 11µM. 

 

Figure 3.31: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, and pH 7.5) 

electrophoresed at 150 V. 

Lane N: Free dsDNA (negative control), Lane P: protein-DNA complex (positive control), 

Lane 0.05, 0.13, 0.41, 1.2, 3.7, 11, 33 and 100: DNA binding assay with different 

concentrations of CA compound in reaction with 0.4 µM Rep protein and 0.5 µM dsDNA-

FITC. CA exhibits fluorescence characteristics under UV light. 
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Figure 3.32: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, pH 7.5) 

electrophoresed at 150 V.  

(A) Represents DNA cleavage assay with different concentrations of EGCG compound in 

reaction with 0.4 µM Rep protein and 0.5 µM ssDNA-FITC. (B) represents the same cleavage 

assay but at higher concentrations of the EGCG compound. Lane N: Free dsDNA (negative 

control), Lane P: protein-DNA complex (positive control). The inhibition of the cleavage assay 

by EGCG is at ≥ 15.6 µM on both A and B. 

 

Figure 3.33: A 3% agarose gel in Borex buffer (100 mM borate, 150 mM NaCl, pH 7.5) 

electrophoresed at 150 V. 

It represents DNA cleavage assay with different concentrations of Chicoric acid compound in 

reaction with 0.4 µM Rep protein and 0.5 µM ssDNA-FITC. Lane N: Free dsDNA (negative 

control), Lane P: protein-DNA complex (positive control). CA compound does not inhibit the 

cleavage activity of Rep protein for ssDNA (Lane 0.8, 1.6, 3.1, 6.3, 12.5, 25, 50 and 100 µM). 

CA exhibits fluorescence characteristics under UV light.

A B 
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 Discussion and Conclusion 

The overall aim of this project was to study Geminivirus’s replication-association protein (Rep) 

as a target for the development of potential small molecule inhibitors. Isolation of target protein 

from bacterial cell culture is a crucial step towards the biochemical and biophysical 

characterisation of protein in order to identify potential inhibitors. However, overexpression 

and purification procedures to obtain high yield and purity are difficult for many studies as it 

varies for each protein (Lee, 2017). Therefore, common protocols may require optimisation. A 

common objective is to use a protocol that is easy, fast, cost-effective and versatile (Riek et al., 

2009). A full-length ACMV Rep protein has never been overexpressed and purified in high 

yields together with the purity that is enough to perform structural characterisation; hence, there 

is no structural information for this target protein in literature. This study describes the 

successful establishment of overexpression and purification methods for a full-length ACMV 

Rep recombinant protein. The purified protein was then biophysically characterised through 

FTIR and fluorescence spectroscopy. The activity of the isolated ACMV Rep was then assessed 

through EMSA, a method commonly used by scientists for analysing the activity of proteins 

that interact with nucleic acids (Perumal et al., 2018). Validation of the functionality of the 

purified protein was performed through an ELISA. Successful identification of small molecule 

inhibitors was also pursued in this study through EMSA. The study also demonstrated that CA 

and EGCG, which are naturally occurring plant phenolic compounds inhibits the interaction 

between ACMV Rep protein and ACMV DNA. Only these two compounds were tested in this 

study; therefore, other compounds of the same characteristics can be tested for potential 

inhibition. 

4.1 Verification of the insert cDNA in the pET-15b plasmid DNA 

Verification of the cDNA inserted into pET-15b plasmid was performed by Sanger DNA 

sequencing using the universal forward and reverse primers of the T7 promoter (Inqaba 

Biotechnical Industries, South Africa) shown in Table 2.1. Sequence similarities between the 

sequencing results and the ACMV Rep codon optimised sequence showed 92.47% identity. 

Codon optimisation performed at GenScript was a strategy for increasing protein production 

based on the assumption that rare codons limit the rate of protein synthesis in bacterial systems. 

It alters DNA sequence with silent mutations that improve the transcriptional and translational 
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efficiency of the target gene but brings no change to the amino acid sequence of the expressed 

target protein (Chen and Inouye, 1994; Mauro and Chappell, 2014).  

4.2 Overexpression and purification of recombinant ACMV Rep protein 

Overexpression and purification of recombinant protein form the basis of many studies that are 

aimed at characterising recombinant proteins in drug discovery. For a protein to be classified 

as a recombinant protein, its DNA has to be cloned into expression vectors and then 

subsequently transformed into systems such as eukaryotic systems (mammalian cells, yeast, 

and insect cells), prokaryotic systems (Bacillus subtilis and Escherichia coli) and in vitro 

systems (Jia and Jeon, 2016) using DNA recombinant technology. E. coli is commonly used 

for the production of recombinant protein through recombinant DNA technology because it is 

easy to grow, inexpensive and provide a fast high-density cultivation (Baneyx, 1999). Despite 

the advantages of using E. coli in overexpression of recombinant proteins, other problems often 

arise as they result in low expression levels of readily soluble protein but highly insoluble 

“inclusion bodies” and non-functional protein (Fakruddin et al., 2013). Also, expression and 

purification of proteins using E. coli systems are time-consuming and labour-intensive. E. coli 

BL21 (DE3) pLysS competent cells were used in this study containing ACMV Rep vector (see 

Figure 3.3). Previously, Njengele et al. (2016), have successfully used BL21 (DE3) pLysS to 

overexpress full-length recombinant HIV-1-Vpu protein. Another study has successfully 

overexpressed Ra-eRF1 in E. coli BL21 (DE3) pLysS strain (Karamyshev et al., 1999). As for 

this study, strains such as BL21 (DE3) pLysS, BL21 (DE3) and the T7 E. coli cells were tested 

for overexpression of ACMV Rep protein but only BL21 (DE3) pLysS was better suited in 

overexpressing the target protein. These results are due to the fact that lysozyme lowers the 

background expression level of target genes under the control of T7 promoter but does not 

interfere with the level of expression achieved following induction by IPTG. 

Critical factors that affect the rate at which E. coli cells produce heterologous protein are factors 

such as transcriptional promoter strength, which in this study was addressed by using a vector 

that has a gene of interest immediately downstream of the strong T7 inducible promoter. The 

promoter is not always on but rather allows to be turned on at a specific growth time by a 

metabolite such as isopropyl β-d-1-thiogalactopyranoside (IPTG) (Swartz, 2001; Briand et al., 

2016). The use of IPTG as an inducer has its own limitations such as high cost, it requires cell 

growth of bacteria to be monitored until they reach optimal cell density before use.  In this 

study, different concentrations of IPTG were analysed for high expression levels of ACMV 
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Rep protein (See Figure 3.10 A), it was found that a concentration between 0.5 and 1 mM IPTG 

was optimum. A concentration of 1 mM IPTG is mostly used in literature (Zininga et al., 2015; 

Park et al., 2015; Njengele et al., 2016). 

Furthermore, bacterial cell growth is also a factor that affects expression levels of recombinant 

enzymes. Growth media can be manipulated by changing several conditions such as the type 

of nutrient broth used to grow bacteria, pH and temperature of the growth media. Therefore, it 

is important to accurately select growth media and conditions to achieve high yields of a target 

recombinant protein that is readily soluble (Sivashanmugam et al., 2009; Fazaeli et al., 2019). 

For this study, optimisation of protein expression was done looking at the type of nutrient 

media used and changing the temperature of the media for the optimal growth of bacteria. The 

results indicated that terrific broth and 2×YT Broth are the best options as compared to LB for 

the production of ACMV Rep protein (see Figure 3.9 A). These results are consistent with other 

studies in the literature that showed rich nutrient media such as 2×YT, Terrific Broth, and Super 

Broth are a better option for protein production (Kram and Finkel, 2015; Fazaeli et al., 2019). 

In addition to finding optimum conditions for the overexpression of recombinant ACMV Rep 

protein, the use of glucose as a carbon source was explored. Terol et al. (2019) has reported 

that glycerol or glucose as a carbon source has a positive effect on the production of protein in 

acetate metabolism. The study also showed that glucose is the preferred carbon source for E. 

coli cells compared to glycerol. Production of ACMV Rep was improved by exploring different 

concentrations of glucose for cell growth and it was found that a concentration ≥ 1% increase 

expression levels in a concentration-dependent manner. Pre-induction and post-induction times 

are also important factors to be studied for the production of every recombinant protein. Pre-

induction time studies, where the time at which bacterial cells reach an optical density of 0.6 

was found to be three hours post-inoculation (see Figure 3.6) and the time at which bacterial 

cells have expressed sufficient protein was found to be three hours post-induction with IPTG.  

Lastly, it is reported that a decrease in temperature post-induction allows the bacterial cells to 

grow slowly (overnight) and simultaneously produce a more soluble recombinant protein 

(Glick and Whitney, 1987; Schein and Mathieu, 1988; De Groot and Ventura, 2006). However, 

despite reports in literature on the positive effect of decreased temperature on the solubility and 

production, a decrease in temperature did not make any improvement in this study (data not 

shown). Therefore, the optimum conditions for overexpression of recombinant ACMV Rep 

protein from this study are found to be, the use of the E. coli bacterial strain BL21 (DE3) pLysS 
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grown in TB medium that is supplemented with ≥ 1% glucose and induced for protein 

expression using 0.5 mM IPTG-1 mM IPTG for 3-5 hours post-induction.   

The target protein is produced as an insoluble fraction (inclusion bodies) due to improper 

refolding of eukaryote proteins in E. coli cells, where they are either digested quickly by 

proteases or accumulated as inclusion bodies (Musa et al., 2012). After successfully optimising 

expression yields, the problem was then to express soluble proteins in E. coli. As previously 

mentioned that a decrease in temperature to address this problem was attempted without 

success. Therefore, the insoluble fraction became the focus of subsequent purification 

procedure for Rep protein (see Figure 3.10, Lane 2). Inclusion bodies are water-insoluble 

proteins expressed as aggregates by E. coli harbouring target genes from viruses or 

mammalians. These inclusion bodies are normally solubilised using chaotropic agents such as 

urea or guanidinium chloride (GnHCl) (Njengele et al., 2016; Mohammadian et al., 2018). 

Once the protein is solubilised, different purification techniques are used to separate target 

protein from bacterial proteins. Some of these techniques are affinity chromatography, ion-

exchange chromatography, hydrophobic interaction chromatography, and size exclusion 

chromatography (Saraswat et al., 2013).  

Affinity chromatography is a technique used to separate target protein that has a high affinity 

for the resin. These proteins are normally infused with tags (a sequence of amino acids) that 

have a high binding affinity for a biological ligand or a chemical group immobilised on the 

resin. Examples of these tags are Histidine (His) tag, Maltose-binding protein (MBP) tag, 

Glutathione S-transferase (GST) tag and FLAG (Futatsumori-Sugai et al., 2009; Bornhorst et 

al., 2000; Duong-Ly and Gabelli, 2015; Harper and Speicher, 2011). In this study, nickel 

affinity chromatography was used to separate ACMV Rep protein with a Histidine tag 

solubilised using an affinity competing for chemical imidazole (pH 8) (see Figure 3.12). Upon 

analyses of protein purity on SDS-PAGE, most Rep proteins were eluted with unwanted 

bacterial protein in earlier fractions while low concentrations were eluted at later fractions (see 

Figure 3.13). Elution of the target protein using chromatography differs for every protein hence 

the need to optimise the conditions. Optimisation of ACMV Rep protein purification condition 

was attempted by changing the buffer composition (data not shown).  

Finally, purification of a sufficient amount of ACMV Rep protein was detected when using a 

buffer containing SDS as a solubilising agent and purifying with buffer containing Sarkosyl 

onto a Nickel affinity column. Schlager et al. (2012) published a paper showing the successful 
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use of anionic denaturing agents to purify insoluble proteins; hence, this provided the basis of 

using the protocol in this study. Compared to urea that yields a random coil upon interaction 

with proteins, SDS yields alpha-helical conformations (Neilsen et al., 2007; Pace and Tanford, 

1968). Unfortunately, Schlager et al. (2012) did not report the refolding protocol of proteins 

purified in that study but had suggested the use of urea to replace SDS and ultimately remove 

urea in stepwise dialysis. The concentration of SDS was decreased before binding by 

incubating at 4 ºC (Tsumoto et al., 2009; Schlager et al., 2012; Tao et al., 2018).  

To further remove SDS from the protein sample, the sample in urea buffer (pH 7.0) was loaded 

onto ion-exchange chromatography (HiTrap Q Sepharose HP) (see Figure 3.14). Based on the 

pI (7.66) of the protein, the protein at pH 7.0 has a positive net charge of +2. As a result, the 

positively charged protein did not bind to the positively charged Q Sepharose resin and, 

therefore, was collected as flow-through (see Figure 3.17). The negatively charged SDS was 

bound to the Q Sepharose resin as a contaminant. Removal of SDS from the resin for 

maintenance purpose of the column was successfully done using 70% ethanol. The purified 

protein was successfully refolded in stepwise dialysis while monitoring protein aggregation 

with a UV- spectrophotometer.  

A common technique discovered by Towbin et al. (1979) is Western Blot, which is used for 

the immunodetection and quantitation of target proteins. It is a sensitive, robust and flexible 

technique that requires low concentration of antibody.  Successful Western Blot using a 

monoclonal anti-His antibody to detect His-tagged ACMV Rep protein was performed (see 

Figure 3.16). 

4.3 Structural determination of recombinant Rep proteins 

4.3.1 Fourier-transform infrared (FTIR) 

Characterisation of protein structure is done in so many ways such as the x-ray crystallography, 

circular dichroism, and FTIR to mention a few. FTIR analysis depicts the vibrational patterns 

of functional groups that are present in macromolecules and express these molecular structural 

changes through shifts in wavenumbers (see Figure 3.20 and Figure 3.21). The concentration 

of the relative functional group that absorbs in a specific infrared region is shown by the 

intensity of the signal (Long et al., 2015). FTIR is particularly sensitive to the secondary 

structure of proteins. A protein has two prominent features that are depicted in the infrared 

region of the spectra, these features are the Amide I (1700 cm-1-1600 cm-1) and Amide II (1600 

cm-1-1500 cm-1). The Amide I region depicted in Figure 3.22 is due to the C═O stretching 
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while the Amide II region that is not depicted is due to the N-H bending vibrations (Barth, 

2019; Miller et al., 2013). The Amide I sensitivity is attributed by the composition of secondary 

structure with α-helix, β-sheet, turn and unordered conformations overlapping on each other 

(Yang et al., 2015; Usoltsev et al., 2019). FTIR analysis in this study presents the Amide I 

region of Rep protein in storage buffer (25 mM sodium phosphate, pH 8, 500 mM sodium 

chloride, 10% glycerol and 5 mM DTT) with the peak at frequencies 1656 cm-1 (see Figure 

3.22). This proves that the purified ACMV Rep protein has refolded to its native secondary 

structure after using denaturant (urea) to unfold it and allowing refolding to take place while 

removing the urea stepwise. Unfortunately, it can only provide information on whether there 

is a secondary structure present or not. The type of secondary structure was further determined 

by resolving the composition intensities using a mathematical expression self-deconvolution 

(curve fitting) analysis tool on OriginPro 8 software under the Guass-Lorentzia conditions. 

Before deconvolution, the Amide I region was first corrected to baseline. The self-

deconvolution of the Amide I region to its second derivative (see Figure 3.23) shows that the 

Amide I is composed of alpha (α) helices (Green), random coils (Pink), beta (β) sheets (Yellow) 

and beta (β) turns (Blue). These results are consistent and, therefore, corroborate the literature. 

Pauthe et al. (2002) have used FTIR together with deconvolution expression to look at the 

secondary structure of Fibronectin protein and its changes induced by temperature. The 

interaction of BSA with nucleic acid was characterised using FTIR with the curve fitting of the 

amide I region (Tajmir-Riahi et al., 2009). 

4.3.2 Fluorescence spectroscopy 

Fluorescence spectroscopy is a technique that provides a method of characterisation for protein 

conformation by taking advantage of the sensitivity of chromophore in proteins. These 

chromophores [tyrosine (Y), tryptophan (W), and phenylalanine (F)] have the ability to absorb 

visible or ultraviolet light by exciting electrons to a higher energy level at a specific 

wavelength. The absorbed light is then re-emitted as fluorescence at a wavelength that is longer 

than the excitation wavelength when it loses the energy to return to its ground state (emission 

wavelength maxima) (Pain, 2004). The maximum emission wavelength (λmax), in the case of 

tryptophan, is dependent mostly on the polarity of the local environment surrounding the 

chromophore in a protein. In most proteins, the emission λmax is around 305 nm (less polar 

environment) to 355 nm (high polar environment) (Lakowicz, 1983; Pain, 2004). ACMV Rep 

protein contains aromatic amino acids (aa) namely: tyrosine (ten), tryptophan (seven), and 

phenylalanine (nineteen). Among the three intrinsic fluorophores, tryptophan has the highest 



64 

 

intensity because of its high molar extinction coefficient of 5500 M-1.cm-1 at 280 nm than the 

other chromophores (Pace, 1968; Kozlov et al., 2012). The excitation wavelength was at 295 

nm for tryptophan residues (see Figure 3.24) and 280 nm for both tyrosine and tryptophan (see 

Figure 3.25). This resulted in an emission wavelength longer than the excitation wavelength 

which is at 355 nm; hence, this is called the red-shift. ACMV Rep protein contains a total 

number of seven tryptophan and ten tyrosine residue whose position is not known because there 

is no crystal structure of the protein deposited in the Protein Data Bank (PDB). The 

fluorescence intensity of the protein at 295 nm is lower than that of 280 nm because only 

tryptophan residues are excited as compared to both tryptophan and tyrosine, respectively. 

From fluorescence done in this study, it is shown that ACMV Rep protein has a maximum 

emission wavelength of 355 nm for both 280 nm and 295 nm excitation wavelength. Peter et 

al. (2013) also reported the maximum emission wavelength of chloride intracellular channel 

protein 1 (CLIC1) to be at 355 nm and this indicates that the tryptophan residues which 

absorbed light are to be exposed to the solvent. There is no fluorescence spectrum for the 

protein of the same family to make a comparison with. 

4.4 Functional studies of the unfolded and refolded ACMV-Rep 

After isolating the protein using purification and refolding techniques, the integrity and the 

activity of the protein was then examined through Electrophoretic Mobility Shift Assay 

(EMSA). This assay assesses the interaction of target ACMV Rep protein and a specific region 

on the wild type dsDNA oligonucleotide (see Table 2) corresponding to the 5ꞌ intergenic region 

of Tomato Leaf Curl New Dehli Virus (ToLCNDV) (Garner and Revzin, 1981, Chatterji et al., 

2000). The basic principle of this assay is that it separates unbound DNA fragments from 

protein-DNA complexes under native conditions on polyacrylamide or agarose gels, free 

unbound DNA fragments migrate faster than protein-DNA complex. Because of the negatively 

charged phosphate backbone of the DNA, the separation on agarose occurs from the negative 

electrode (cathode) to the positively charged electrode (anode). Separation on an agarose gel is 

determined by the size of the molecule, the percentage concentration of agarose, the 

conformation of DNA and the electrophoresis buffer used (Lee et al., 2012). In this study, the 

size of DNA was not the determinant of the rate of migration because one primer of the same 

size and charge was used, only the protein concentration used differs. The migration distance 

depends on the conformation of DNA upon interacting with protein as compared to the free 

unbound DNA. From the results of the EMSA in this study, it clearly shows the activity of the 

protein bound to DNA (see Figure 3.26) when comparing the free unbound DNA migration 
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distance with the protein-DNA complex. According to literature, the protein-DNA complex 

will move slower in the gel than an unbound free DNA because of the size (Yakhnin, et al., 

2012). In general, the rate at which the protein-DNA complex migrates faster than the free 

DNA is with the exception when the substrate is a circular DNA (Krämer et al., 1988). In this 

study, the electrophoretic mobility of the protein-DNA complex is faster than the unbound free 

dsDNA (see Figure 3.26). Different concentrations of Rep protein were assessed, with the free 

dsDNA as a negative control. These results do not correlate with the basic principle of EMSA 

and what other studies in literature have reported on the migration patterns of protein-DNA 

complexes (Han et al., 2008; Steiner and Pfannschmidt, 2009; Perumal et al., 2018). The reason 

for this migration pattern is not known. This could be due to the Rep protein not binding on the 

double-stranded oligonucleotide but cleaving, resulting in two identical fragments. The reason 

for this assumption is that clearly there is an activity of the Rep protein that resulted in the 

migration pattern of the protein-DNA reaction that differs from the free DNA reaction. Studies 

such as the fluorescence anisotropy could be performed to monitor the association and 

dissociation of Rep protein with the FTIC-labelled oligonucleotide. This technique can be used 

to validate the binding activity of the protein. The use of radioactivity probe to monitor protein-

DNA interaction has been predominantly used for EMSA, but fluorescence tags such as FITC 

on DNA have been explored recently. FITC has an advantage over radioactivity due to its ease 

at handling, reduced cost, time effective and ultimately improving safety (Hsieh et al., 2016). 

The migration was monitored using the FITC label incorporated at any position within the 

DNA via the NHS conjugation chemistry. Because the results were not correlating with 

literature as mentioned above,  optimisations of the assay were done by changing the different 

parameters such running buffer (1× sodium borate/ Tris-borate-EDTA/ Tris-acetic acid-EDTA, 

pH 7.5), voltage from 150 V to 80 V, concentration of the matrix from 3% to 1% or 0.8%, the 

type of gel from agarose to polyacrylamide. Regardless of the optimisation conditions tested, 

the electrophoretic mobility of the protein-DNA complex did not change. However, the main 

aim which was to show that the binding activity of the ACMV Rep protein was achieved. The 

best EMSA conditions were chosen to be sodium borate, pH 7.5, 3% agarose, electrophoresed 

at 150 V for 30 minutes, the rest of the conditions tested were either smearing or little to no 

difference on the migration rate between the complexed and the un-complexed DNA. These 

activity studies were done with a protein purified in Figure 3.17. After optimisation of 

purification and refolding using 1% SDS, 0.1% Sarkosyl and 8 M urea, the protein was checked 

for activity in a concentration-dependent manner (see Figure 3.27 ). The concentration that 

showed optimum activity from Figure 3.27 was 0.8 µM.  
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The same protein was checked for its catalytic activity using ssDNA substrate (Table 2.2) 

electrophoresed on a 3% agarose gel. ACMV Rep protein cleaves the ACMV viral genome at 

a conserved specific site in a hairpin loop of the (+) strand origin of Geminivirus (Heyraud-

Nitschke et al., 1995; Hull, 2014). It was first demonstrated that Rep protein of TYLC has 

cleavage activity by nicking the TAATATTACCGG oligonucleotide that is conserved among 

all Geminiviruses. After cleavage, Rep protein remains bound to the 5’ end of the nicked 

oligonucleotide and analysed on a gel shift assay (Laufs et al., 1995; Kittelmann et al., 2006). 

Hipp et al. (2014) reported the cleavage activity of ACMV Rep protein on conserved 

oligonucleotide analysed using western blots assay. The study also shows the binding of Rep 

protein to the 5’ end of the oligonucleotide, which is consistent with previous studies 

mentioned. In this study, the results show that the un-cleaved ssDNA fragment appears as a 

single band (see Figure 3.28) and the cleaved products appear as two distinct bands (see Figure 

3.28, Lane 2 and 3). These results are due to ACMV Rep protein nicking the ssDNA (Table 

2.2) primer into two fragments, one fragment remains bound to the purified full-length Rep 

protein using its 5’ end of oligonucleotide. These results suggest that the binding of the protein 

to the 5’ end of the cleaved DNA fragment caused the complex to migrate slower on agarose 

gel due to the overall size of the complex as compared to the free cleaved DNA fragment. 

Comparing the uncleaved wt. ssDNA to the cleaved (see Figure 3.28), the migration pattern is 

different suggesting that there was a successful cleavage. EMSA technique is also used to 

determine the catalytic activity of proteins on nucleic acids (Kim et al., 2014; Eskandarian et 

al., 2019).   

Enzyme-linked immunosorbent assay (ELISA) was successfully used as a secondary protein-

DNA binding technique to assess the binding activity of ACMV Rep protein. This technique 

is traditionally used to detect a substance through the interaction of an antibody and its antigen 

(Chen et al., 2018). The advantage of ELISA is that it is simple, highly sensitive and offers 

stability and rapid analysis. However, the disadvantage is that it has a high noise to signal ratio 

(Sakamoto et al., 2018). One of the requirements for a successful ELISA is to reduce the high 

noise to signal ratio by using blocking agent to prevent non-specific binding of enzyme 

reagents to the microtiter plate surface. Failure to block the non-specific binding of enzyme 

reagents or serum antibodies will results in the increase of absorbance readings and causing the 

results to be analysed as positive, whereas they are a false positive. Different blocking agents 

such as such as skimmed milk, bovine serum albumin (BSA) and whole serum are commonly 

used (Xiao and Isaacs, 2012). Douglas et al. (1988) concluded that 10% skimmed milk is the 
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most effective blocking agent as compared to 10% BSA and normal goat serum (NGS). They 

further recommend the use of skimmed milk as it address the issue of cost, availability and 

storage. In the current study, a comparison of blocking buffers (BSA and 5% skimmed milk) 

for optimising sensitivity and minimising background signal was tested (data not shown). The 

5% skimmed milk showed most desirable results as compared to BSA. The results presented 

in Figure 3.29 shows an assay performed using 5% milk as a chosen blocking agent, the 

difference in optical density (OD600) of the experiment (1.346) and the control (0.0582) indicate 

that the 5% milk made a significant effect on the success of the ELISA. In the present study, 

ELISA qualitatively confirmed the binding activity of protein to specific DNA primers used in 

EMSA (see Figure 3.29). By comparing the positive reaction well with the control negative 

well, it confirms the functional activity of the purified protein. ELISA is mostly developed for 

high throughput screening of potential inhibitors. Prokoph et al. (2016) demonstrated a 

successful development of novel ELISA for screening of Cdk5-Mediated PPARγ 

Phosphorylation. Another study has demonstrated the use of ELISA technique for the screening 

of inhibitors (Yakobov et al., 2014).  Therefore, an attempt has been made to develop ELISA 

for high throughput screening of compounds that are potent inhibitors of the ACMV Rep 

protein interaction. 

4.5 Inhibition of ACMV Rep protein with ACMV oligonucleotide 

As mentioned-above, inhibition of the interaction between ACMV Rep with viral 

oligonucleotide can be explored. This study focused on assessing the inhibition of protein-

DNA interaction by small molecules from plants. Plant phenolics are secondary metabolites 

that play a crucial role in the defense mechanism of plants against pests, herbivores, and 

pathogens. There has been an increased demand for these phenolics in pharmaceuticals, 

cosmetic, food, and pesticides industry (Bourgaud et al., 2001) and thus an increase in research 

focus. Only two phenolic compounds; namely, epigallocatechin gallate and chicoric acid were 

tested for inhibition in a traditional EMSA used to primarily assess the binding together with 

the cleavage activity of refolded purified ACMV Rep protein. From the results, EGCG has 

shown to inhibit both the binding and cleavage activity in a concentration-dependent manner 

(≥ 100 µM) (see Figure 3.30 and Figure 3.32 ) while CA only inhibits the binding activity also 

in a concentration-dependent manner (see Figure 3.31 ). The use of phenolic compound such 

as CA was reported to inhibit the activity of tyrosine phosphatase in an allosteric manner 

(Baskaran et al., 2012). Kuban-Jankowska et al. (2016) reported the inhibition of CA on YopH 

bacterial virulence factor in an allosteric manner. The inhibition mechanism of CA on ACMV 



68 

 

Rep interaction with ACMV DNA is not known and was not established in this study. EGCG 

as a natural derived small molecule compound has also been tested for inhibition of certain 

enzymes such as the Phosphoglycerate mutase 1 (PGAM1). It was discovered that EGCG 

inhibits the activity of the enzyme in a concentration depended manner (Li et al., 2017).This 

study is the first study to show the inhibition of ACMV Rep interaction with DNA using 

naturally derived compounds such as EGCG and CA, the inhibition is accomplished in a 

concentration dependant manner like most of enzyme inhibition.  

In summary, this study reports on a modified and efficient method for the overexpression of a 

full-length ACMV Rep protein. Because recombinant protein is of importance in the 

pharmaceutical, food, pesticides and cosmetics industry its production poses a challenge in 

high scale production. This method proves to be efficient for isolation of recombinant ACMV 

Rep and it can be used to isolate other proteins that are often produced as inclusion bodies. Of 

course, optimisation of conditions might have to be performed due to the fact that proteins have 

different characteristics. Understanding the characteristics such as the pI, pH optimum in terms 

of stability and activity, the globular and oligomeric status of the enzyme is a crucial step 

towards the identification of potential inhibitors for their activity. Upon successful purification 

of sufficient ACMV Rep using the method described in this study, biochemical characterisation 

of this target protein was successful, where the binding and cleavage activity of the refolded 

protein was ascertained. A microtiter plate biological assay was established for the interaction 

of ACMV Rep protein with ACMV oligonucleotide indicating that this assay is amenable to 

high throughput screening of potential inhibitors.  Due to the lack of structural information of 

this ACMV Rep protein, one of the objectives of this study was to characterise its structure. 

This method assisted with the isolation of ≥ 95% purified protein suitable for structural 

characterisation. From this study, the secondary structure of the target protein was determined 

to be a composition of α-helix, random coils, beta (β) sheet and beta (β) turns. Secondary 

structure prediction using online software also supports the findings from experimental data in 

this study. Fluorescence studies that give information about the local changes of the tertiary 

structure were also performed. The only data obtained from this study was the maximum 

wavelength of the refolded protein which only suggests that tryptophan was exposed to the 

solvent. This data cannot identify which tryptophan (position) is exposed since there is no 

structural information. It could be any of the tryptophan presented in the amino acid sequence. 

Due recognition of ACMV Rep protein as an indispensable protein for the replication of 

ACMV genome, the screening of small-molecule inhibitors was also an objective of this study. 
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The main focus was to identify potential inhibitors that are of natural origin from plants as they 

have gained attention as anti-viral agents for many diseases affecting humans, animals, and 

plants. This study has successfully identified two phenolic compounds (epigallocatechin 

gallate and chicoric acid) as potential inhibitors for ACMV Rep protein activity. 

For future directions, the following is recommended: 

 The stability study of the protein needs to be done as the protein tends to aggregate in 

certain buffer conditions that are compatible with other techniques used for 

characterisation. Circular dichroism, a technique that is commonly used to characterise 

secondary structure requires low to no chloride buffers. The integrity of Rep protein in 

low sodium chloride buffer is compromised, therefore, optimisation of buffers that are 

compatible with the protein integrity should be performed. This will enable 

characterisation of secondary structure with CD in the future to support the FTIR and 

prediction data obtained.  

 The interaction of ACMV Rep with ACMV DNA is not well-understood. This resulted 

in the lack of understanding of the migration pattern of protein-DNA complex on 

agarose when electromobility shift assays were performed. Therefore, fluorescence 

anisotropy technique to study the interaction is recommended.  

  In addition to enzyme-linked immunosorbent assay (ELISA), other high throughput 

screening assays such as scintillation proximity assay (SPA) may be developed for the 

screening of small-molecule inhibitors.  

 Thermodynamics parameters (stoichiometry, change in enthalpy, binding affinity 

constant, change in entropy, change in Gibbs free energy and change in heat capacity) 

can be determined using isothermal titration calorimetry.  

 X-ray crystallography can be performed on the purified refolded protein to determine 

its structure 
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