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Abstract 

Plasmodium falciparum (Pf) is responsible for most malaria deaths in humans, 

however, but most Pf infections do not lead to death of the infected individual.  

Elimination strategies have not worked well due to the emergence of drug resistance 

from parasites, creating a need for further research on novel drug targets against 

malaria. Copper is a cofactor for enzymes like the cytochrome c oxidase in various 

organisms. If not tightly regulated, its redox activity may lead to a free radical 

generation that may be destructive to the cellular structure. In infected red blood 

cells, excess or absence of copper leads to the growth inhibition of malaria parasites. 

This is because copper is an essential mineral to the parasite. Therefore, acquisition, 

distribution both in the cytosol and mitochondria, and efflux of this metal must be 

understood. The current study aimed to identify and determine the copper-binding 

abilities of PfGrx1 and PfSAHH, proteins that could have a role in the cytosolic 

distribution of copper and secretory pathway, thereby maintaining optimum copper 

levels in P. falciparum.  

The in-silico analysis revealed copper binding CXXC and GXGXXGXG motifs 

in the amino acid sequences for PfGrx1 and PfSAHH proteins, respectively. These 

binding motifs which are present in the two proteins, have been found to bind copper 

in other organisms. PfGrx1 and PfSAHH were cloned, expressed as His-tag proteins, 

purified, and resolved on SDS-PAGE gel, then detected as ~12 and ~53 kDa proteins 

respectively, using mouse anti-His-tag antibodies on a western blot. Just like proteins 

in other systems, the purified rPfGrx1 and rPfSAHH bound copper in-vitro and in-vivo 

using ascorbic acid oxidation, and Bicinchoninic acid (BCA) copper release assays. 

When the growth of E. coli cells with or without the plasmid expressing the 

recombinant proteins was monitored in the presence or absence of 8 mM copper, E. 

coli cells with expressed recombinant proteins were able to grow suggesting that 

copper was bound to the recombinant proteins in-vivo, thus enabling growth of the 

bacteria. Protein-to-protein interaction modeling studies showed a possibility of 

PfGrx1 and PfSAHH interacting with each other and other copper proteins, 

suggesting a possible transfer of copper from protein to protein, and potential copper 

pathways in P. falciparum. The binding of copper was supported by docking studies 

that established copper binding sites for PfCtr1, PfGrx1, PfSAHH, PfCox17, 

PfCox11, PfCox19, and PfSco1. Characterization of Plasmodial copper-binding 

proteins can provide an understanding of Plasmodia copper homeostasis with 

potential novel drug target determination using bioinformatic tools. More interaction 

studies may provide novel and likely offer the basis for understanding of 

mechanisms for drug deliveries to the parasite, though further studies are needed to 

elucidate the existing channels. 
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Chapter 1 

Introduction and Literature Review 

1.1 Overview of Malaria 

Malaria is a public health problem affecting millions of people around the 

globe (WHO., 2023). It is a mosquito-borne infectious disease caused by a 

protozoan of the Plasmodium genus (Sigh et al., 2013). Approximately, 200 

Plasmodium species that are known to infect mammals, birds, and reptiles have 

been described (Sato., 2021). Plasmodium species are responsible for human 

malaria and are carried by Anopheles female mosquitoes (Tuteja, 2007). Anopheles 

mosquitoes transmit five Plasmodium species: P. falciparum, P. vivax, P. ovale, P. 

malariae, and P. knowlesi, which cause human malaria (Mayxay et al., 2004, Collins 

et al., 2009). Mixed infections have been noted to occur in places where more than 

one species is present. Infections from P. knowlesi were known previously to be rare 

until a report was made in 2004 from Sarawak, Malaysian Borneo (Singh et al., 

2004). According to White., 2008, P. knowlesi is now recognized as the fifth species 

of Plasmodium causing malaria in humans (White., 2008). P. falciparum and P. vivax 

account for the most malaria morbidity around the world, however, P. falciparum has 

the highest prevalence and is the parasite often associated with severe illness and 

death, mostly among children under the age of five (WHO, 2023). According to the 

2023 World Malaria Report, the number of malaria cases increased compared to 

pre-COVID era. However, countries in the Greater Mekong subregion (GMS)-

Cambodia, recorded a 55.5 % reduction in total indigenous cases of malaria (WHO, 

2023). Due to many asymptomatic cases, P. vivax and P. ovale complicate malaria 

diagnosis and treatment efforts (Haiyambo et al., 2019, Robinson et al., 2015). 

Malaria caused by these two species tends to relapse due to hypnozoites (dormant 

form of Plasmodium parasites) in the liver and extravascular merozoites in the bone 

marrow (Markus, 2018, 2023). On the other hand, P. malariae parasites are 

prevalent throughout the tropics and subtropics and cause minimal infections 

because they mature slowly in both human and mosquito hosts; however, the 

infections might go on for a lifetime (Warrell et al., 2017 Bruce et al., 2006, 

Sutherland et al., 2016). 

1.2 Global Trends of Malaria 

According to the World Malaria Report released in 2023, 249 million cases of 

Malaria were reported in 2022. There have been fluctuations in the cases between 

2000 and 2014 ranging from 243 million to 230 million cases. After 2016, an increase 

in malaria cases was observed with 11 million more cases being recorded between 

2019 and 2020, while in 2020 and 2021, there was an increase of 2 million malaria 

cases (WHO., 2023). Most affected countries are from Africa with Nigeria topping the 

list, mainly due to population growth. Another country that recorded a high increase 

in malaria cases, is Pakistan, which had a five-fold increase in malaria incidence 
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(WHO, 2023). Malaria deaths have been declining since 2000, from 864,000 to 

576,000 in 2019, however, 2020 recorded an increase in mortality by 55,000. This 

increase in deaths was attributed to the COVID pandemic which caused 

disturbances in the prevention and treatment of malaria (WHO., 2023). In 2021, a 

marginal reduction from 631,000 to 610,000 was observed followed by a further 

decline to 608,000 in 2022 (WHO., 2023, Venkatesan., 2024). These numbers 

suggest that malaria is still a threat to human life. More work remains to be done to 

achieve a malaria-free  World. 

1.3 Regional Trends of Malaria 

African countries have not been spared from the falling standards in the 

eradication of Malaria. Of the estimated cases from the 2023 WHO malaria report, 

93.6% of them are from the African region. This proposes that there was no 

reduction between 2020 and 2022 with 7 countries from Africa having high malaria 

prevalence rates (WHO., 2023). Interestingly, Tanzania and Mozambique are part of 

these countries that contribute to Africa’s malaria burden. The Republic of Tanzania 

shares borders with Zambia and Malawi while the latter shares boarders with South 

Africa, Zambia, Zimbabwe, and Malawi. Therefore, the risk of transborder 

transmission to South Africa is very high, and more effort is needed towards the 

prevention and treatment of malaria. 

1.4 Malaria Trends in South Africa 

In most settings, environmental and ecological factors play a role in the 

transmission of malaria (Ryan et al., 2020). A large part of South Africa is malaria-

free, however, Northeastern regions namely KwaZulu-Natal, Mpumalanga, and 

Limpopo have low malaria endemicity (Morris et al., 2013, Maharaj et al., 2013). The 

areas bordering Mozambique, Botswana, and Zimbabwe are known for seasonal 

malaria transmission and P. falciparum is the main causative agent for malaria in 

South Africa (Balmith et al., 2024). According to a study conducted in the Agincourt 

community, malaria has been prevalent for two decades without decreasing (Byass 

et al., 2017). The cases in South Africa have been maintained below 10, 000 over 

the last 2 decades from 60, 000 in 2000 (Maharaj et al., 2013). This is due to the 

adoption of elimination methods and treatment therapies based on WHO 

recommendations. Nevertheless, the country is still at risk of a resurgence of the 

disease because of its borders, implementing control strategies around these areas 

has led to a decline in the cases and deaths (Coetzee et al., 2013, Abiodun et al., 

2020, Lamola et al., 2024).  Despite all these efforts, malaria remains a challenge, 

and more studies are necessary, especially in drug development to eliminate malaria 

(Balmith et al., 2024). Additionally, intensive inter-country cooperation in the 

Southern African region will be needed to completely eradicate malaria in South 

Africa and the surrounding areas (Sikaala et al., 2024). 

1.5 Malaria Trends in Zambia 

Malaria transmission in Zambia occurs throughout the year and is endemic 

(Kyomuhangi et al., 2023). The prevalence rate is lowest in cold and dry seasons 
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and highest in the rainy season (Reiner et al., 2015, Kipruto et al., 2017). It is highest 

in provinces that receive more rainfall. Zambia is divided into ten provinces that have 

variations in rainfall patterns and vegetation. Muchinga, Northern, and Luapula 

provinces receive the highest rainfall and account for the highest (Appx 20%) malaria 

prevalence in under-five children. Copperbelt, Eastern, North-Western, and Central 

provinces usually have malaria prevalence that ranges between 10 to 20%. The rest 

of the provinces (Lusaka, Southern, and Western) have less than 10% of malaria 

prevalence among under-five children. Previous studies have shown incidence rates 

of the disease have been increasing especially between 2010 and 2015 (WHO., 

2017), though the World Malaria Report recorded a reduction in the incidence cases 

in 2020 (WHO., 2020). However, Zambia remains one of the highly endemic 

countries and showed a 29.3% malaria prevalence in under-five children in 2021, 

indicating a 1.4% of all global cases (Kapiya et al., 2024, Malaria Indicator Survey., 

2021, Severe Malaria Observatory., 2022).  

1.6 Life cycle of Plasmodium 

All Plasmodium species have a similar life cycle divided into two mini-cycles 

(vertebrate host and insect vector cycles). In the vertebrate host cycle, the parasite 

affects the host which can be a human or any other vertebrate. The second cycle 

involves transmission between the infected and uninfected host through an insect 

vector (Votýpka et al., 2016). Mosquitoes belonging to the genus Anopheles cause 

the transmission of Plasmodium species among humans and other mammals. In 

contrast, transmission among birds and reptiles occurs by other mosquitoes 

belonging to a different genus (Perkins et al., 2014). 

1.7 Plasmodium cycle in the vertebrate host 

The Plasmodium host infections begin when sporozoites from an infected 

female Anopheles mosquito are introduced to the blood system through a bite. The 

sporozoites invade the dermis and then move to the liver hepatocytes (Frischknecht 

et al., 2017; Amino et al., 2006; Prudêncio et al., 2006). They then undergo a 

process known as schizogony which results in the development of merozoites which 

egress from the liver cells and later infect the erythrocytes (Sturm et al., 2006). The 

merozoites undergo asexual multiplication through the process known as 

schizogony, developing from ring, early and late trophozoite to schizont producing 

approximately 8 to 64 merozoites depending on the species of Plasmodium involved 

(Gerald et al., 2011). The erythrocytes rupture, allowing the new merozoites then to 

invade naïve red blood cells to multiply and repeat the cycle (Dvorin et al., 2022). 

This happens every 24 hours in the case of P. knowlesi. Plasmodium falciparum, P. 

ovale, and P.  vivax undergo this process every 48 hours while Plasmodium malariae 

takes 72 hours (Galinski et al., 2005). Most species undergo several cycles of 

intraerythrocytic proliferation before differentiating into gametocytes. However, P. 

vivax continuously produces gametocytes in the early cycles of their intraerythrocytic 

division. Gametocytes are taken up by a mosquito vector through feeding to start 
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sexual reproduction to complete the life cycle of the parasite (Josling et al., 2015; 

Bancells et al., 2019).  

1.8 Plasmodium cycle in the insect vector 

Female Anopheles mosquitoes take up male and female gametocytes that 

later differentiate into micro and macrogametes before fusing to form a zygote 

(Bennink et al., 2016). The resulting zygote later transforms into an ookinete. An 

ookinete is a motile form of the parasite formed after meiosis (Sinden et al., 1985). It 

traverses through the midgut epithelium and transforms into an oocyst which 

undergoes mitosis to produce several sporozoites in a process called sporogony 

(Araki et al., 2020, Vaughan et al., 2007, Varadi et al., 2007). After the maturation of 

the oocyst, the sporozoites are released to the hemolymph after the rupture of the 

oocyst (van Schaijk et al., 2014). The sporozoites migrate to the salivary glands of 

the mosquito and are passed on to the next host through a bite (human or a different 

vertebrate) during a blood meal (Kanatani et al., 2024). The process of sporozoites 

moving to the salivary glands of the mosquitoes ensures infection of the host (Smith 

et al., 2010, Siciliano et al., 2020). Fig 1.1 shows the summary of the life cycle of 

Plasmodium. 

 

Fig 1.1 Life cycle of Plasmodium. Malaria parasite life cycle in the human host (on the left of the 
cycle) and within the mosquito vector (on the right side of the cycle). Some merozoites differentiate 
into gametocytes (❶) which are taken up during a blood meal after the next mosquito bite. Gametes 

in (❷) differentiate into micro- and macrogametes before fusing (syngamy) to form a zygote (❸) that 
later develops into a motile ookinete (❹) which penetrates the midgut wall, forming an oocyst (❺) at 

the midgut-hemolymph interface. Sporozoites (❻) leave the oocyst and reach the salivary glands. 
They are passed to the host through a mosquito bite and traverse through the skin to the bloodstream 
and liver. They evolve into infectious merozoites (❼) that come out from hepatocytes into the 
bloodstream, invade erythrocytes, and repeat this intraerythrocytic cycle. The cycle starts with 
sporozoites leaving the oocyst to reach the mosquito salivary glands. Source: Dvorin et al., 2022 
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1.9 Malaria prevention 

Various methods are used in the prevention of malaria. These include the use 

and nonuse of drugs. Drugs may be used for prophylactic treatment, especially in 

travelers (Centre for Disease Control and Prevention (CDCP)., 2023, Markus., 

2021). Other documented preventive methods may involve wearing clothes that 

cover the whole body (Croft., 2014) and avoiding going out at dusk (Lalloo et al., 

2008). These methods are not supposed to replace the drugs but be used in addition 

to them. Insecticide Treated Nets (ITNs) with pyrethroids, while Indoor Residue 

Spraying (IRS) with carbamates, organophosphates, or DDT have been known to be 

effective in reducing malaria transmission (Birkholtz et al., 2012, Namuganga et al., 

2021). For people exposed to biting mosquitoes during outdoor activities, repellents 

work well (Croft., 2014). The WHO 2023 malaria report recommends the prevention 

of malaria transmission in pregnant women by using what is called Intermittent 

Preventive Treatment of Pregnant Women (IPTp) with sulfadoxine-pyrimethamine 

(WHO., 2012, WHO., 2014). Additionally, in 2021, WHO announced the 

recommendation of a vaccine aimed at contributing prevention and possible 

elimination of malaria (WHO., 2021).  Despite all these methods of prevention, vector 

resistance to the insecticides has been observed coupled with low coverage in the 

distribution of ITNs (Njumkeng et al., 2019, Mboma et al., 2021). 

1.10 Malaria Diagnosis 

Effective malaria elimination is impossible to achieve without early and 

accurate diagnosis (Mbafeno et al., 2020). A definitive diagnosis allows for targeted 

treatment, which ultimately prevents further complications and reduces mortality. 

There are times when the clinical diagnosis is made using the travel history, 

symptoms, and clinical signs, this has proved to be non-specific and can result in 

misdiagnosis due to other diseases with a similar presentation like malaria 

(Rosenthal et al., 2012). Guidelines for malaria treatment by the WHO state that 

malaria diagnosis which is solely based on clinical features is likely to result in 

overtreatment and incorrect use of antimalarials (WHO, 2015). The current 

recommended diagnostic methods for all malaria cases are microscopy for direct 

detection of the parasite and immune-chromatographic rapid diagnostic tests (RDT) 

that are based on the detection of malarial proteins (WHO, 2015). Coleman et al., 

2006, reported that parasitic infections may be missed by Microscopy and RDTs; 

however, polymerase chain reaction (PCR) and Loop-mediated isothermal 

amplification (LAMP) assays can be employed as they are more sensitive and 

specific (Coleman et al., 2006). However, these are expensive and need highly 

trained human capital (Picot et al., 2020). 

1.10.1 Malaria Diagnosis with Microscopy 

Microscopy has been a gold standard for detecting malaria parasites for over 

a century (Alam et al., 2011). In this method, thin and thick blood slides are prepared 

using peripheral blood which is stained with Giemsa (Alam et al., 2011). When the 

slides are prepared and examined by a skilled microscopist, this method is highly 
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sensitive and specific (Ameri et al., 2001, Iqbal et al., 2001). The method quantifies 

malaria parasitemia and classifies species. Co-infections with other parasites can be 

detected i.e., Babesia, filaria, Trypanosoma, and Leishmania species. Other 

organisms detected with the method are bacteria like Borrelia species, and fungi 

(Pillay et al., 2019). Microscopy is still very much in use in providing reliable 

diagnosis. Challenges include the lack of specialists and costs attached to the 

procurement of microscopes and the availability of electricity in many rural areas. 

1.10.2 Rapid Diagnostic Tests (RDTs) 

Another method that has been developed to reduce delays in generating 

results and improve clinical outcomes is a Lateral flow immunochromatographic-

based diagnostic test (RDT) that has been useful in rural endemic places that have 

no microscopes and specialists to conduct microscopy examinations (Alam et al., 

2011, Boyce et al., 2015).  However, RDTs are not as sensitive as other methods of 

diagnosis like PCR (Plucinski et al., 2019), but they have proven to be cost-effective 

and contributed to the reduction of referrals and antibiotic prescriptions both in urban 

and rural areas (Boyce et al., 2015, Hansen et al., 2015). The RDTs are based on 

the reaction of proteins that are released upon lysis of the red blood cells using a 

buffer that is added to blood during the test (Obeagu et al., 2019, Plucinski et al., 

2019). P. falciparum Histidine-rich protein-2 (HRP-2) has been utilized, though there 

is selection for HRP-2 deletions due to repetitive use of RTDs leading to diagnosis 

evasion (Diallo et al., 2023). The protein is a histidine-rich protein that is produced by 

asexual P. falciparum parasites within the red blood cells (Singh et al., 2021). Other 

proteins produced by the asexual parasites are HRP-1 and HRP-3 (Kilejian., 1979), 

whose true functions are not well established (Palani et al., 2018). The PfHRP-2 

amino acid sequence contains 34% histidine, 37% alanine, and 10% aspartic acid 

(Howard et al., 1986), and it has many tandem repeats of the sequences AHH and 

AHHAAD (Stahl et al., 1985). In other cases, detection occurs using Plasmodium 

lactate dehydrogenase (pLDH) which is a cytosolic homotetrameric enzyme (Barney 

et al., 2022, Jang et al., 2020).  Aldolase, an enzyme in glycolysis may be diagnostic 

and contribute to early detection and treatment of malaria (Alarm et al., 2011). 

However, LDH-based RDTs show less sensitivity compared to the HRP2-based 

ones (Hopkins et al., 2007). Therefore, Glyceraldehyde-3-Phosphate 

Dehydrogenase (GAPDH) and Phosphoethanolamine-N-methyltransferase (PMT) 

that have roles in glycolysis and lipid malarial biosynthesis respectively, have been 

identified as potential biomarkers for detecting and differentiating Plasmodium 

species (Krause et al., 2017, Krause et al., 2018).  

1.10.3 Detection of Malaria Parasites using Polymerase Chain Reaction (PCR) 

Polymerase Chain Reaction (PCR) is another method that has been 

employed in different places to detect Plasmodium species and validate or evaluate 

the performance of RDTs and microscopy. There are different types of PCR namely, 

single, multiplex, nested, and real-time PCR. Nested PCR targets 18S SSU rRNA 

genes of the main five human malaria parasites (Kimura et al., 1997, Abdalla et al., 
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2019, Calderaro et al., 2024). The nested PCR is cumbersome and involves multiple 

amplification reactions, therefore, attempts have been made to develop a single and 

simpler multiplex PCR technique that permits the simultaneous detection of parasites 

in a single reaction tube (Shokoples et al., 2009, Belachew et al., 2022). This gives 

Multiplex PCR an advantage over the other types as it shortens the time of 

processing samples thus being useful in the quick treatment of malaria (Padley et al., 

2003, Dong et al., 2023). Single nested PCRs have high sensitivity and low risk of 

contamination, though they are prone to inhibition by inaccurate sample preparation, 

thus, Real-time PCR reduces contamination and is a cheaper method (Madamet et 

al., 2022, Montenegro et al., 2004). However, PCR machines are not widely used 

especially in rural malaria-endemic places due to their cost implications and well-

trained human capital. 

1.10.4 Detection of Malaria Parasites using Loop-mediated Isothermal 

Amplification (LAMP) assays 

A detection method for malaria parasites that has high sensitivity and 

specificity like PCR is Loop Isothermal Amplification Assays (LAMP). According to 

Ljolje et al., 2021, the results were obtained faster than the real-time PCR which was 

the reference. The test also recorded a 100% sensitivity when compared to the 

reference assay (Ljolje et al., 2021). LAMP isothermally amplifies DNA directly from 

blood samples by using a mutant Taq DNA polymerase which is resistant to the PCR 

inhibitors in blood (Kersting et al., 2014). Due to this reason, LAMP has another 

advantage over all other PCRs of being suited for the field as well as taking less time 

to process samples, thus, being categorized as less demanding (Cook et al., 2015). 

1.11 Treatment of Malaria 

The different drugs that are used to treat and prevent malaria include quinine 

(QN), chloroquine (CQ), amodiaquine, piperaquine (PPQ), mefloquine (MQ), 

lumefantrine (LUM), pyrimethamine (PYR), proguanil, sulfadoxine, atovaquone, 

primaquine, and artemisinin and its derivatives (ART) (Gorobets et al., 2017). The 

choice to administer one of these drugs depends on whether the drug is cheap, 

accessible, safe, effective, well-tolerated, and easy to give (Kremsner and Krishna, 

2004). These drugs are classified according to their structures and the target during 

the Plasmodium life cycle (Cui et al., 2015). Antimalarials targeting various 

Plasmodium stages include tissue and blood schizontocides, gametocytocides, anti-

relapse, and sporontocides (Frederich et al, 2002). Those structures are divided into 

4-aminoquinolines, arylamino alcohols, 8- 8-aminoquinolines, artemisinin derivatives, 

antifolates, and naphthoquinone (Cui et al., 2015, Antony et al., 2016). 

1.11.1 Artemisinin-based combination therapies (ACTs) to treat malaria 

Resistance to antimalarial drugs has led to challenges in the fight against 

malaria (Amelo et al., 2021). However, resistance can be delayed by combining 

drugs to treat malaria, similar to a common practice that was employed to fight 

antibiotic resistance provided the drugs being combined share similar 

pharmacokinetics, and pharmacodynamics (White et al., 1996). Additionally, the 
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drugs should not possess any adverse pharmacological interaction or toxicity (White 

et al., 1996). Arising from this, a second drug was recommended to be added to 

Artemisinin to reduce the possibility of development of drug resistance. Since the 

introduction of Artemisinin-based combination therapies (ACTs), they have been 

instrumental in the elimination of malaria (Aweeka et al., 2008). They have been 

effective, especially in treating drug-resistant Plasmodium falciparum malaria, a 

situation that has led to a reduction in malaria-related deaths worldwide (Halder et 

al., 2018). The major advantage of using the drug combinations in the ACT is that 

the emergence of drug resistance to the different components of the drug is lower. 

Additionally, there is improved efficacy due to the different mechanisms of action of 

each drug (Ashley et al., 2018). The WHO recommends six ACTs for use in the 

treatment of malaria: artesunate + amodiaquine, artemether + lumefantrine, 

artesunate + sulfadoxine-pyrimethamine, artesunate + mefloquine, artesunate + 

pyronaridine, and dihydroartemisinin + piperaquine (WHO, 2019). Various countries 

have adopted different treatment policies regarding the above-mentioned ACTs to 

curb malaria (Bennett et al., 2017, Recht et al., 2017).  

1.11.2 Chemoprophylactic Treatment for Malaria 

In Africa, countries with malaria have embraced the constant use of 

sulfadoxine/pyrimethamine for pregnant women and children below the age of five 

years (Kajubi et al., 2019). This has been done especially in areas with reduced 

seasonal malaria transmission. The type of drug to be used varies in areas with 

increased cases of malaria, thus, amodiaquine+sulfadoxine/pyrimethamine is 

recommended in such cases (WHO, 2015). Other drugs used for the prevention of 

malaria, especially for travelers are mefloquine, atovaquone/proguanil, or 

doxycycline as chemoprophylaxis by travelers from non-endemic to endemic 

countries (Schlagenhauf and Petersen., 2008, Meltzer et al., 2018, Freedman., 

2019). These regimes have proved to be effective and contribute to the overall 

efforts of malaria elimination even in the face of antimalarial drug resistance 

(M´enard et al., 2016). 

1.12. Resistance to Anti-Malarial Drugs 

1.12.1 Drug resistance in Plasmodium  

According to the 1967 WHO World Malaria Report, ‘drug resistance’ is defined 

as the ability of a parasite to survive or multiply despite the drug being administered 

and absorbed in doses equal to or higher than those usually recommended but 

within the tolerance of the subject. Antimalarial drug resistance is a major factor in 

the fight against malaria worldwide (WHO., 2018, WHO., 2023). Drug resistance may 

be due to the failure to clear the parasite or simply an increase in parasite levels 

despite adequate treatment being administered (White, 2004). A genetic occurrence 

that is spontaneous as well as rare is known to be the first step in resistance 

(Hughes et al., 2015). In an average human malaria infection, total parasite numbers 

during the asexual stage in the bloodstream range between 109 and 1013 parasites, 

this gives an estimated 1.0 to 9.7×10-9 mutations per base pair for each generation 
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(Bopp et al., 2013). With these figures, random mutations that lead to antimalarial 

resistance are more likely to occur within or after a few cycles of replication (White, 

2004). High levels of parasitemia, decreased levels of antimalarials and immunity, 

drugs with a longer half-life, and malaria transmission are factors that influence the 

development of resistance to antimalarials in host organisms (Kuile et al., 1995, 

Hastings et al., 2002, Babiker et al., 2013) 

1.12.2 Gene markers for Plasmodium Antimalarial drug resistance 

Resistance to all known antimalarials has emerged and has frequently been 

detected in the Greater Mekong region of Southeast Asia, as shown by chloroquine, 

mefloquine, and artemisinin resistance (White, 2004, Cui et al., 2015, Parckard, 

2014). The use of molecular resistance markers has been important in the detection 

of drug-resistant parasites (Djimde et al., 2001, Ariey et al., 2014, Ashley et al., 

2014). The spread of resistance mostly occurs from low-transmission areas to high-

transmission areas such as sub-Saharan Africa where P. falciparum is very efficient 

in acquiring and spreading resistant genes (Ehrlich et al., 2020, Slater et al., 2016). 

The acquisition of these genes is brought by genetic modifications that lead to the 

reduction of drug susceptibility by the malaria parasite (White, 2004). The 

modifications may arise at any parasitic developmental stage making drug resistance 

a complicated issue (Menard and Dondorp, 2017, Platon et al., 2024, McConville et 

al., 2024). In order to reduce drug resistance, strategies may be formulated to target 

the invasion and erythrocytic development of the parasite (Burns et al., 2019, 

Verma., 2024). The following gene markers have been identified; P. falciparum 

chloroquine resistance transporter (Pfcrt), P. falciparum multidrug resistance-1 

(Pfmdr1), P. falciparum multidrug resistance-associated protein-1 (Pfmrp1), P. 

falciparum ATPase4 (PfATPase4), and P. falciparum Sodium/Hydrogen exchanger 

(Pfnhe1). Furthermore, P. falciparum multidrug resistance protein 1 (Pfmrp1), 

dihydropteroate synthase (Pfdhps), P. falciparum dihydrofolate reductase (Pfdhfr), P. 

falciparum cytochrome b (Pfcytb), the recent, Kelch K13 propeller domain (Kelch13), 

plasmepsin 2-3 (Pfpm 2-3) and an exonuclease gene polymorphism on chromosome 

13 (exo-E415G) are also among the gene markers (Table 1.1). 

1.12.3 Resistance markers in Plasmodium and the associated drugs 

The changes in amino acids in the active site of proteins in Plasmodium due 

to substitutions result in the development of resistance to antimalarial drugs 

(Kongsaeree et al., 2005, Rout et al., 2019). Nevertheless, mutations can occur in 

the allosteric site and cause conformational changes in the active site, either leading 

to partial or non-binding of the protein to the drug, thereby leading to drug resistance 

(Bishop et al., 2022). There are various single nucleotide polymorphisms (SNPs) that 

are associated with different drug resistance-associated genes which include 76T in 

Pfcrt which has been linked with chloroquine and amodiaquine resistance, 51I, 59R, 

and 108N in Pfdhfr associated with resistance to pyrimethamine (Zhao et al., 2019). 

The 437G and 540E in Pfdhps confers resistance to sulfadoxine, while 268N/S/C in 

Pfcytb confers to atovaquone, 86Y, 184Y and 1246Y in Pfmdr1 confers resistance to 
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chloroquine, lumefantrine, mefloquine, and amodiaquine for P. falciparum 

(Adjekukor, 2018, Korsinczky et al., 2000, Pickard et al., 2003, Sidhu et al., 2002). 

According to Ariey et al., 2014, a strong association between the single amino acid 

substitutions Y493H, R539T, 1543T, and C580Y in the Kelch13 gene and artemisinin 

were established (Ariey et al., 2014). The resistance by Kelch13 is due to the point 

mutations in the beta-propeller domain of the gene encoding the Kelch protein 13, 

which may reduce parasite susceptibility to artemisinin and its derivatives (Ouji et al., 

2018, Straimer et al., 2015). A DNNND repeat motif in Pfnhe1 is associated with 

Quinine resistance (Tchekounou et al., 2022). Parasitic resistance to primaquine has 

been associated with the plasmepsin 2-3 gene together with the mutation in the exo-

E415G gene (Menard et al.,   2017, Amato et al., 2017). Most of the outlined 

resistance markers have been identified in P. falciparum, with only one resistance 

marker in P. vivax (Menard and Dondorp, 2017). A summary of drug resistance 

markers and the associated drugs have been outlined in   Table 1.1.  

Various novel drug targets have been identified in the quest to provide 

alternative malaria treatment options. Those promising antimalarial drug targets 

include enzymes that have a role in protein synthesis, proteolysis, isoprenoid and 

DNA and RNA metabolism (Cheuke et al., 2024). Plasmodium falciparum acetyl-

coenzyme A synthetase, N-myristoyltransferase, and the cyclic guanosine 

monophosphate-dependent protein kinase G are other drug targets that are 

important in the development of alternatives treatment regimes for the parasite 

(Cheuke et al., 2024).  

Table 1.1 A summary of Plasmodium  drug resistance markers and the associated drugs. 

Resistant Marker and  

Accession Number 

Chromosome 

location 

Codon associated to 

Drug resistance 

Drug Associated with 

the resistance marker 

Pfcrt (PF3D7_0709000) 7 Mutations (76T) Chloroquine, 

Amodiaquine 

Pfmdr1 (PF3D7_0523000) 5 Mutations (86Y, 124F, 

1042D, 1246Y) 

Mutations (184F) 

Increased copy number 

Chloroquine, 

Amodiaquine, 

Lumefantrine, Mefloquine 

Mefloquine, artesunate 

Mefloquine 

Pfdhfr (PF3D7_0417200) 4 Mutations (51I, 59R, S108N, 

164L) 

Pyrimethamine, 

Cycloguanil 

Pfdhps (PF3D7_0810800) 8 Mutations (436A, 437G, 

540E, 581G, 613S/T) 

Sulfonamide, 

Sulfadoxine, Sulfone, 

Dapsone 

Pfmrp1 (PF3D7_0112200) 1 Mutations (191H, 437S) Chloroquine, quinine 

Pfcytb (mal_mito_3) Mitochondrial 

Genome 

Mutations (268N/S/C) Atovaquone 
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Pfnhe-1 (PF3D7_1303500) 13 Repeat polymorphism 

(DNNND repeat motif in 

microsatellite ms470 region) 

Quinine 

PfATPase4 

(PF3D7_1211900) 

12 Mutations (398F, 990R, 

211T, 415D, 917L) 

Spiroindolones, 

Pyrazoles, 

Dihydroisoquinolones 

PfATPase6 

(PF3D7_0106300) 

1 Mutations (263E, 431K, 

623E, 769N) 

Artemisinin and its 

derivatives 

Pfpm2 (PF3D7_1408000) 14 Increased copy number Piperaquine 

Pfk13 (PF3D7_1343700) 13 Mutations (446I, 458Y, 476I, 

493H, 539T, 543T, 553L, 

561H, 580Y) 

Artemisinin, and its 

derivatives 

KEY: ART: Artemisinin; Pf: Plasmodium falciparum; Pfatpase6: Pf Ca2+-ATPase: Pfcrt, Pf chloroquine 

resistance transporter: Pfdhfr, Pf dihydrofolate reductase: Pfcytb, Pf cytochrome B: Pfdhps, Pf dihydropteroate 

synthase; Pfk13, Pf Kelch gene; Pfmdr1, Pf multidrug resistance protein 1; Pf multidrug resistance protein 1 

Pfmrp1; Pfnhe-1, Pf sodium–hydrogen exchanger; Pfpm 2-3, Pf Plasmepsin 2-3. Source: Arya et al., 2021. 

1.12.4 Geographical distribution of plasmodial Drug resistance markers 

Various studies regarding the geographical distribution of Plasmodia drug 

resistance markers have been conducted to help in the selection of a drug that would 

contribute to the elimination of malaria. Furthermore, the surveillance permits the 

early establishment of correlates linked to the emergence and spread of anti-malarial 

drug resistance. In Africa, the Pfk13 (A578S) which is associated with artemisinin 

and its derivatives has the highest geographical distribution compared to other 

markers (Ocan et al., 2019, Kamau et al., 2015). However, a novel mutation in the 

Pfk13 gene (675V) was reported in Uganda (Ikeda et al., 2018). Gene sequence has 

confirmed mutations in Pfk13 have also been confirmed to be high in prevalence in 

the Greater Mekong Subregion (GMS) (WHO., 2018). Studies conducted on 

resistance markers and the associated drug resistance in some West, Central, and 

Eastern African countries link Pfcrt (associated with Chloroquine and Amodiaquine), 

Pfdhfr (pyrimethamine) Pfdhps (Sulfonamide and Sulfadoxine), Pfmdr1 (Chloroquine 

and Amodiaquine), and PfATPase6 (Artemisinin and its derivatives) with antimalarial 

drug resistance (Djimde et al., 2008, Happi et al., 2009, Karema et al., 2010, 

Baliraine and Rosenthal, 2011, Baraka et al., 2018). In addition to the already 

mentioned resistance markers, Pfpm2 (Piperaquine), and Pfcytb (Atovaquone) have 

been reported in other parts of Africa that include Tanzania, and Angola (Gadalla et 

al., 2011, 2013, Ngasala et al., 2011, Kamugisha et al., 2015, Kiaco et al., 2015, 

Tadele et al., 2023, Kakolwa et al., 2018, and Smith et al., 2018). A study conducted 

in malaria-endemic Mpumalanga province, South Africa, revealed an increase in 

mdr86N and Pfcrt76K markers. However, no artemisinin resistance-associated kelch 

13 mutations nor that of Pfmdr1 which is associated with lumefantrine were observed 

(Raman et al., 2019). Additionally, similar resistance markers namely Pfcrt, Pfmdr1, 

and Pfpm2 have been established in neighboring southern Mozambique with Pfk13 

not being observed (Gupta et al., 2020). Though previous reviews have highlighted 

the geographical distribution of different markers of resistance, Pfk13 which is 
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associated with resistance to ART and its derivatives, forms the main threat to 

malaria control in malaria-endemic countries (Arya et al., 2021). 

1.12.5 Potential and Novel Antimalarial Drugs 

Phenotypic and parallel screening methods have been used to identify 

potential and novel antimalarial drugs (Xia., 2017). The parallel screening which is 

targeted at the multiple life cycle stages of Plasmodia forms the best approach to the 

establishment of novel compounds because the method is based on selective and 

predictive assays for hepatic development, gametocytocidal activity, and 

transmission-blocking (Consalvi et al., 2022, Plouffe et al., 2016, Delves et al., 2012, 

Appetecchia et al., 2024). The method has identified novel antimalarials such as 

Artefenomel (QZ439), Ferroquine, and Cipargamin (KA1407). Further, Over-the-

counter drugs (OTC), Fosmidomysin, and Artefenomel (QZ439) have been 

discovered. The QZ439 has been combined with Ferroquine and has the possibility 

of further combining with piperaquine and DSM 265 (Phyo et al., 2016, Chhonker et 

al., 2017, Okombo et al., 2018). Ferroquine was also assessed alone and in 

combination with artesunate and amodiaquine artesunate (AQAS) under phase IIa, 

open-label, clinical trial in Africa, however, patients treated with Ferroquine 

presented with heart and liver reactions (Supan et al., 2017, Postema et al., 2014).  

Cipargamin inhibits PfATP4 (Hien et al., 2017), while Fosmidomysin and KA1407 

affect the non-mevalonate pathway in P. falciparum and phosphatidylinositol 4-

kinase respectively (McNamara et al., 2013). Further, a new piperaquine drug was 

developed due to the success of trying triazolopyrimidine and pyrazolopyrimidine 

against malaria (Feitosa et al., 2024). Another avenue of drug targets is transport 

which may involve proteins such as copper-binding proteins that have been 

discovered to be potential therapeutic targets in P. falciparum (Maciel-Flores et al., 

2024). Thus, copper metabolism studies in P. falciparum may identify novel anti-

malarial drug targets that may help eliminate malaria (Staines et al., 2010, Martin et 

al., 2009b). 

1.13 The Biological Role of Copper 

Copper (Cu) is an essential element that exists in oxidized [Cu (II)] and 

reduced [Cu (I)] states in all living organisms. Copper plays a major role in the 

survival of various organisms by performing important functions for development and 

growth (Linder, 1991). Copper facilitates key redox reactions essential for cellular 

energy production in the electron transport chain (Okafor et al., 2024, Gupta et al., 

2020). Copper is also involved in catalytic processes, and provision of structural 

support to proteins, Additionally, copper undergoes oxidation-reduction cycles in 

redox reactions (Okafor et al., 2024). The estimated concentration of free copper in 

yeast and human blood plasma is between 10-18 to 10-13 M (Linder et al., 1996). 

However, Rae et al., 1999 established that less than one copper ion is present in a 

free ionic state in Saccharomyces cerevisiae even though the total copper 

concentration is 70 µM. (Rae et al., 1999). In one of the malaria study, Rasoloson et 

al., 2004 reported serum copper to be in the range of 11 to 24 µM, though this was 
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attributed to the presence of ceruloplasmin because large proportion of the copper in 

the blood of healthy individuals (95%) is carried by ceruloplasmin. In the same study, 

uninfected erythrocytes showed copper ranging between 14 and 24 µM though other 

studies quote 20 µM (Beutler et al., 1995).  Rasoloson et al., 2004, found a 

decreased copper concentration in the infected erythrocytes, data that is not 

consistent with the findings of Beutler et al., 1995 that suggested that there is no 

difference in copper content between the uninfected and infected red blood cells.   

Normal cellular copper levels play various roles in different processes such as 

peptide hormone production and iron homeostasis, neurotransmitter synthesis, 

oxidative respiration, skin pigmentation through the synthesis of melanin, tissue 

repair, and defense against oxidative damage (Kaplan and Maryon., 2016). Copper 

plays a role in blood clotting, induction of blood vessel formation, and inactivation of 

histamine, tyramine, dopamine, and serotonin (Tapiero et al., 2003). However, 

unchecked copper redox activity has the potential to generate free radicals that 

increase oxidative stress (Sailer et al., 2024, Kaplan and Lutsenko., 2009). The 

production of free radicals such as hydroxyl (OH-) occurs in the Fenton reaction (Cu+ 

+ H2O2 → Cu2+ + OH- + OH) after the initial reaction in the Haber-Weiss (Cu2+ + O2 

→ Cu+ + O2) reaction (Halliwell and Gutteridge, 1984). The free radicals contribute to 

an increase in oxidative stress which causes damage to various biomolecules in 

different organisms (Kaplan and Lutsenko., 2009, Ramos-Zúñiga et al., 2023). 

Therefore, copper must tightly be regulated to levels that cannot inhibit biological 

processes and impinge on the growth and development of organisms (Weiss et al., 

2018). Disturbance of copper levels in organisms has adverse effects like Menkes 

and Wilson Disease (WD) which is an autosomal recessive disorder associated with 

copper deficiency, arising from mutations in the ATP7B gene (Scheiber et al., 

2014).This leads to early deaths of individuals with copper deficiency (Menkes 

disease) or overload (Wilson disease). Alzheimer’s disease is associated with β-

amyloid protein where copper binds and accumulates generating reactive oxygen 

species that attack the integrity of the cells.Spongiform encephalopathies (prion 

diseases), may be caused by misfolding of the Prion Protein (PrPC) and copper 

deficiency. Other conditions linked to the disturbance of copper concentration are 

Parkinson’s and Huntington’s diseases (Dudzik, et al., 2013). 

1.14 Copper uptake 

There are various mechanisms that organisms possess for copper uptake, 

intracellular distribution, and export (Nevitt et al., 2012, Lutsenko., 2016). Copper 

can exist in two forms Cu (II) and Cu (I) in biological systems such as plasma, where 

Cu (II) is predominantly in the extracellular compartment as opposed to Cu (I) which 

is present intracellularly but complexed with other proteins to prevent it from 

oxidizing to Cu (II) (Kirsipuu et al., 2020). In most eukaryotic cells, copper is taken up 

through the high-affinity membrane copper transporter protein (Ctr1) (Banci et al., 

2010, Azucenas et al., 2020, Chen et al., 2024). Ctr1 is comprised of an extra-

cytoplasmic N-terminal domain, three transmembrane regions, and a cytosolic C-
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terminal tail which plays a role in the process of copper docking to various 

intracellular copper-binding molecules and chaperones (Wang et al., 2011, Wee et 

al., 2013). The N-terminal region is characterized by multiple methionine and 

histidine-rich motifs which have been demonstrated to bind Cu (I) and (II), 

respectively (Puig et al., 2002, Crider et al., 2010, Pope et al., 2012, Shenberger et 

al., 2018). The N-terminal region of Ctr1 in humans is suggested to be important for 

the binding and reduction of copper which is postulated to be due to the distance 

between the methionine and histidine amino acid residues. Since Histidine residues 

bind copper (II), and the metalloreductases reduce Cu (II) to Cu (I) which is bound to 

methionine. Thus, Ctr1 may possibly bind copper (II) and reduce it (Haas et al., 

2011, Eisses et al., 2005). This is like what is observed with CopC protein in 

Pseudomonas aeroginosa where copper reduction is followed by its transfer from 

histidine to methionine amino acid residues (Koay et al., 2005). The copper (II) 

bound by histidine is reduced from Cu2+ to Cu+ by metalloreductases (Fre1 and Fre2 

in yeast, and STEAP family metalloreductases in mammals) (Georgatsou et al., 

1997, Linder et al., 2020), before it is transported into the cells. Another metal-

binding motif (MXXM) is found in the second transmembrane segment, which takes 

up Cu by forming Cu-S linkages (De Feo et al., 2009, Maryon et al., 2013a, Smith et 

al., 2017).  Studies show Ctr1 being assembled into a homotrimer having a 

membrane pore of 9 Å that allows the passage of Cu through the lipid bilayer (De 

Feo et al., 2009, Smith et al., 2017). In the bloodstream, approximately 70–95% of 

total circulating Cu is bound to ceruloplasmin and albumin where Ctr1 imports Cu in 

the form of Cu (I) (Lee et al., 2001, Ramos et al., 2016). Two types of Ctr exist in 

Homo sapiens i.e. Ctr1 and Ctr2. The Ctr2 protein functions alongside Ctr 1 mainly 

as a low-affinity copper transporter by regulating micropinocytosis and the position of 

Ctr1 within the plasma membrane (Lee et al., 2000, Dancis et al., 1994, Ohse et al., 

2024). In yeast and mammals, Ctr2 has been documented to be localized in 

intracellular organelles, lysosomes, and endosomes (Van den Berghe et al., 2007, 

Tamayo et al., 2018). In humans, copper may use Ctr1 and Ctr2 as a gateway to the 

intracellular compartment, though Ctr2 is suggested to be useful for copper import 

only when Ctr1 is downregulated (Lutsenko, 2010). However, there should be a 

gating mechanism to control the import of Cu (I) (Eisses and Kaplan, 2005). Fig 1.2 

shows a schematic diagram of the features of Ctr1. 
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Fig 1.2 Schematic representation of trimeric structure of the yeast copper transport protein 
depicting copper-binding amino acids. The plasma membrane Ctr transporter protein is organized 
as a homotrimer and shows how copper moves through it (Ctr1), its  N- and C- terminals, and amino 
acids (methionine and glycine) where copper is thought to bind are shown. Source: Smith et al., 2017. 

1.15 Intracellular copper trafficking 

Copper is transported from the outside to the inside of the cell through Ctr1 or 

low-affinity Ctr2 when Ctr1 is downregulated (Cobine et al., 2006). Upon Cu (I) 

entering the cell, metallochaperones bind and deliver it to different target proteins in 

various organelles (Rosenzweig, 2002, Prohaska et al., 2004). The mechanism 

through which Cu (I) passes from Ctr1 to intracellular metallocheperones for delivery 

is not clear; however, it is suggested that protein-protein interactions are a possible 

mechanism at play (Rosenzweig, 2002, Banci et al., 2010). In humans, copper 

chaperones are divided into three functional groups (i) the Atx1-like chaperones, (ii) 

the copper chaperones for Superoxide Dismutase (SOD1), and (iii) the copper 

chaperones for cytochrome c oxidase (CcO) (Rae et al., 1999, Huppke et al., 2012). 

Atx1 is a cytosolic chaperone that binds and delivers Cu (I) to various target 

organelles in different organisms (Simon et al., 2008, Huffman et al., 2000). In yeast, 

Atx1 delivers Cu (I) to ATPase Ccc2 copper transporter in the trans-Golgi network 

(Cankorur-Cetinkaya et al., 2016). Human homolog (Atox1) delivers copper to 

ATPases for export to the extracellular compartments when copper accumulates 

above normal levels (Lin et al., 1997, Klomp et al., 1997, Hatori et al., 2016). In 

Bacteria, an Atx1-like protein, CopZ has been identified to have a similar function to 

Atx1 (Cobine et al., 2002, Lu et al., 2002, Banci et al., 2003). In this way, copper is 

regulated within amounts that cannot destroy the cells. In humans, Ctr family 

proteins play a role in limiting the bioavailability of copper to the intracellular 

compartment. Additionally, ATP7A and ATP7B (which are both ATPases) function to 

export copper in cases of an increase in concentration beyond what the cells would 

require (Wang et al., 2011). Furthermore, findings in P. falciparum suggest that Ctr1 

may be involved in copper acquisition while PfCuP-ATPase may play a role in 

copper export to prevent toxicity (Choveaux et al., 2012, Rasoloson et al., 2004). In 

yeast, Glutathione and Metallothioneins (MT) such as Cup1 and Crs5 have been 

suggested   to bind excess copper or unbound copper to prevent Fenton reactions 

and the generation that may kill the cell; The proteins protect cells from toxic copper 
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levels (Cobine et al., 2006). Fig 1.3 shows the copper acquisition and distribution of 

copper in a human hepatocyte. 

 

Fig 1.3 Copper pathways in human hepatic cells. Copper is acquired either through Ctr1 or DMT1 
after it is reduced by STEAP. Atox1 then binds copper (I) and delivers it to TGN and ATP7B. ATP7B 
facilitates copper incorporation into ceruloplasmin for distribution to other parts of the body or 
excretion through bile. Copper is transported to the mitochondria through an unidentified copper 
ligand (CuL) which passes it on to SLC25A3. Cox17 distributes copper to cytochrome c oxidase 
where it is incorporated into CuA/B sites via Cox11 and Sco1. Source: Sailer et al., 2024. 

1.16 Atx1 Copper delivery to the Golgi and ATPases 

Atx1 transports copper from Ctr1 to the copper transporter inside the trans-

Golgi apparatus of the efflux pathway (Lin et al., 1997, Pufahl et al., 1997, Valentine 

et al., 1997, Liu et al., 2003, Xi et al., 2014, Deng et al., 2024). Copper is then moved 

into the lumen of the Golgi for its addition to the newly synthesized cuproenzymes 

that are on their way to secretion (Fig 1.4 [arrow in orange]) (Polishchuk et al., 2013, 

La Fontaine et al., 2007). The main aim of Atx1 is to take copper to P-type copper 

transporters which belong to a large class of transporting P-ATPases (Xi et al., 2013, 

Wang et al., 2015) The mechanism of action that P-ATPases use to move copper, 

and other ions across the membrane is through ATP hydrolysis. P-ATPases are in 

two forms in humans (ATP7A/B) and are responsible for the regulation and 

maintenance of copper homeostasis (La Fontaine et al., 2007). Mutations in either P-

ATPase led to Menkes or Wilson’s disease (Bull and Cox, 1994, Strausak et al., 

2003, Dolgova et al., 2014). In yeast, a similar copper transporter (Ccc2) has been 

discovered. It plays a role in the activation of the Fet3 copper protein in charge of 

iron uptake (Yuan et al., 1995, Schlecht et al., 2014). RAN1 in plants is a Ccc2 

copper transporter version that works together with an Atx1-like molecule in the 

regulation of development in reacting to ethylene compounds (Binder et al., 2020, 

Hirayama et al., 1999; Himelblau et al., 1998, Migocka et al., 2018, Gul et al., 2022).  
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Fig 1.4 Copper movement from Ctr1 to TGN and P-ATPases in a mammalian cell. Atox1 
transfers copper to P-ATPases (in blue) and ensures incorporation into cuproenzymes in the 
secretory pathway (arrow in orange). Source: Polishchuk et al., 2013. 

1.17 Copper Delivery to Cytosolic Superoxide Dismutase 

Superoxide dismutase is predominantly found in the cytoplasm of most cells. 

It is in the immature form until Zinc is bound to its binding site, and copper is inserted 

including the oxidation of disulfide bonds that stabilize the homodimeric conformation 

(Fetherolf et al., 2017). Copper-dependent and independent mechanisms are 

responsible for the SOD1 maturation (Boyd et al., 2020, Cobine et al., 2006). As a 

result, superoxide dismutase (SOD1) is an intracellular chaperone for copper that 

participates in the alleviation of oxidative stress (Sirangelo et al., 2017, Gale et al., 

2024). To have copper inserted in the SOD1, copper chaperone for superoxide 

dismutase (CCS) interacts with Ctr1 and forms a complex, which leads to the 

transfer of copper from CCS to SOD1 (Boyd et al., 2020). In yeast, cytoplasm, and 

mitochondria intermembrane space (IMS), Ccs provides Cu (I) for the activation of 

SOD1 (O’Halloran et al., 2000), and the catalysis of an important intra-SOD1 

disulfide bond (Furukawa et al., 2004). The Ccs-independent pathway occurs 

because of an amino acid change, largely due to mutations in the Ccs (e.g., proline), 

especially in mammals and other lower eukaryotes (Carroll et al., 2004, Leitch et al., 

2009). Furthermore, other potential copper sources for the activation of SOD1 are 

reduced glutathione (GSH) and Metallothioneins (MT), though, the GSH and MT 

mediation of SOD1 activation are not clear and there seems to be little information 

regarding this pathway (Caroll et al., 2004, Petzoldt et al., 2015, Miyayama et al., 

2011). Human SOD1 expressed in Ccs mutant mice only retained 25% activity, a 

finding that suggests that the CCS protein is essential for the functionality of SOD1 

(Wong et al., 2000). In yeast lacking CCS, SOD1 is not activated, and mitochondria 

IMS SOD1 levels are further reduced, generating an unstable homodimeric 

conformation unfit for the activities of SOD1 (Field et al., 2003). Interestingly, 

Caenorhabditis elegans lacks CCS but has a fully active SOD1 which is mainly due 
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to the assortment of post-translational modifications (Jensen et al., 2005). Except for 

this, most eukaryotes require CCS which interacts directly with Ctr1 and aids copper 

delivery to SOD1 and thus activates the enzyme (Rae et al., 1999). 

1.18 Delivery of Copper to the Mitochondria 

The mitochondria harbor the cytochrome c oxidase enzyme that plays a role 

in the energy generation of a cell (Povea-Cabello et al., 2024, Rigby et al., 2007). 

Copper is essential to the functioning of the cytochrome c oxidase (CcO) complex, 

therefore its delivery to the mitochondria is pivotal and the most complex of the 

known pathways in biological systems (Thompson et al., 2012, Garg et al., 2021). In 

mammalian tissues, CcO biogenesis relies on the availability of over 30 other 

accessory proteins that have individual roles in protein synthesis (Cobine et al., 

2006). Cox17 is particularly important in the delivery of copper to CcO through Sco1 

and Cox11 whose function is to insert copper into CuA and CuB sites located in the 

CcO (Cobine et al., 2006). A deletion of human Cox17 has been shown to have 

negative effects on the assembly and organization of CcO (Oswald et al., 2009, 

Fontanesi et al., 2013). Furthermore, the absence of Cox17 in mice led to a 

stoppage of embryogenesis (Takahashi et al., 2002). The deficiency of Cox17 in 

yeast causes a disruptive effect on respiration due to a complete absence of CcO 

activity (Glerum et al., 1996, Heaton et al., 2001), therefore, it can be suggested that 

Cox17 may have a role in the transport of Cu(I) into the IMS for purposes of CcO 

assembly. However, there is another opposing view that suggests the mitochondria 

phosphate carrier protein (Pic2) in yeast with the ability to bind copper could have a 

role in the transportation of copper across the mitochondrial membrane (Vest et al., 

2013). Additionally, findings from phylogenetic analyses have demonstrated that 

Pic2-like ortholog has been observed in all major eukaryotic supergroups arising 

from gene duplication (Zhu et al., 2021) The depletion of the human homolog 

SLC25A3 which is identical to Pic2 in human and mouse cells , has been found to 

cause a deficiency of copper in the mitochondria and led to decreased activity of the 

CcO (Boulet et al., 2018). Furthermore, Mrs3 in yeast has been demonstrated to 

complement Pic2 in the import of copper into the mitochondrial copper pool (Vest et 

al., 2016). Pic2 protein functions provide new insight into the delivery of copper to 

the mitochondria, which is not in line with earlier suggestions in previous studies that 

have proposed Cox 17 playing a role in copper trafficking to the mitochondria mainly 

because of the presence of Cox17 in both the cytoplasm and the Intermembrane 

Space (IMS) (Choveaux et al., 2015). Therefore, more studies are needed to 

elucidate Pic2 and its ability to bind copper in most species, especially in 

Plasmodium falciparum. Plasmodia Cox17 was found to bind copper, and it was 

suggested that it could have a role in copper movement into the mitochondria 

(Choveaux et al., 2015). 

1.19 Role of copper in Malaria parasites 

Copper depletion or chelation affects the early erythrocytic stages of P. 

falciparum; therefore, it is critical in the development and function of the malaria 
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parasite (Asahi et al., 2014). Chelation of Cu (I) with neocuproine [a compound that 

highly selects Cu (I) (Al‐Sa'doni et al., 1997)], stops the development from the ring to 

trophozoite stages of P. falciparum, thereby blocking the growth of the parasite 

(Rasoloson et al., 2004, Ding et al., 2011). Additionally, tetra thiomolybdate a copper 

chelator, inhibits the erythrocytic development of malaria parasites in-vitro (Asahi et 

al., 2013). However, other copper chelators like cuprizone and bathocuproine 

disulfonate (BCS) have little effect on the parasites and do not arrest the growth of 

the parasites because the molecules chelate Cu (II) which is not found inside the 

cell, the reason being that Cu (I) is preferred (Rasoloson et al., 2004, Asahi et al., 

2013). This is because cuprizone is specific for Cu (II) binding, though it crosses the 

parasitic membrane. Nevertheless, copper (I) is a predominant form of copper inside 

the parasite, hence the no-effect result that was observed with parasite exposure to 

cuprizone. On the other hand, the extracellular binding of copper (I) and (II) by BCS 

which does not penetrate the parasitic membrane did not affect the growth of the 

parasite (Asahi et al., 2013). In these studies, it is evident that copper (I) is essential 

for the development and growth of the Plasmodium parasite. Copper deprivation in 

other organisms has been shown to have effects on copper transporters like 

ATPases, though no evidence exists for PfCuP-ATPase.  In yeast, copper 

deprivation leads to the upregulation of the transcription of ATPase (Dancis et al., 

1994, La Fontaine et al., 2007, Scheiber et al., 2013). On the other hand, copper 

deprivation in bacterial systems leads to a decrease in the ATPase transcription 

(Gaballa et al., 2003, Argüello et al., 2013). Contrary to these findings, Rasoloson et 

al., 2004 argue more for a chelator-metal inhibition of specific transcription than the 

deprivation of copper bioavailability, a factor that leads to a decrease in the need for 

copper export.  

1.20 Copper binding proteins in Plasmodium falciparum 

In P. falciparum, there are several copper proteins have been identified and 

characterized and suggested to have a role in the copper uptake, cytoplasmic 

distribution, and its transfer to the mitochondria. Fig 1.5 shows other copper proteins 

such as CMC1, CutA, GSH, PIC2, Pet191, DMT1, PfCox23, PfSAHH, and PfGrx1 

that have not been characterized in Plasmodia. A summary of the copper proteins 

that have been identified in Plasmodium is shown in Table 1.2. Note that Cox23 and 

metallothioneins could not be identified using PlasmoDB, a thorough search for 

these proteins were conducted by using Go-terms like; Cox 23, metallothioneins, 

Cox23/copper-binding protein, further, BLASTp search was conducted using yeast 

Cox23 sequence, no significant results were obtained. However, they have been 

suggested to play a role in copper homeostasis in plasmodia parasites and other 

organisms (Tripathi et al., 2009, Barros et al., 2004). In the current study, we 

characterized PfGrx1 and PfSAHH and determined their potential to bind copper. Fig 

1.6 shows PfCtr1 which was demonstrated to bind copper in-vitro and in-vivo 

(Choveaux et al., 2012) and thereby proposed to have a role in the copper uptake by 

the parasite. Rasoloson et al., 2004, found that PfCuP-ATPase binds copper and has 

the potential to export it from the parasite. However, no evidence has been provided 
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on how copper is transported from PfCtr1 to the PfCuP-ATPase. In humans and 

yeast, the Atox1 protein which is absent in Plasmodium transfers copper from Ctr1 to 

the P-ATPases for export (Boyd et al., 2020, Hatori et al., 2016). Atox1 also transfers 

copper to CCS which passes the metal to the SOD1 (Chen et al., 2020). The CCS 

and SOD1 are both absent from the parasite as can be shown in Fig 1.6, however, 

the parasite acquires SOD1 from the red blood cells through a process explained in 

section 1.20.1. Choveaux et al., 2015 have shown that PfCox17 binds to copper in-

vitro and in-vivo, thereby being suggested to be involved in the transfer of copper to 

the mitochondria as well as transfer to PfSco1 (Munsami., 2022) and PfCox11 

(Salman et al., 2022) for the insertion in the cytochrome c oxidase. PfCox19 binds 

copper and is suggested to play a role in PfCox11’s transfer of copper to the CcO 

(Salman et al., 2023).  

 

Fig 1.5 Copper proteins in P. falciparum. The copper binding proteins shown may be involved in 
the copper homeostasis in the parasite. The question marks in red indicate pathways where PfGrx1 
and PfSAHH may potentially play a role. Source: M. Kwangu 

Table 1.2 P. falciparum copper-dependent protein orthologs  

 

Source: M. Kwangu 
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1.20.1 Copper uptake and distribution in the Plasmodium parasite 

Copper movement from the outside to the inside of the cell is mediated by the 

high-affinity copper transporter protein Ctr1 (Lutsenko et al., 2010, Nayeri et al., 

2023). This protein is common in plants, yeast, and humans (Kim et al., 2008, 

Kommuguri et al., 2012). Similarly, in Plasmodium falciparum, the putative P. 

falciparum copper transport protein (PfCtr1) has been identified, and the 

recombinant amino terminus has been shown to bind copper in vitro and when 

expressed within E. coli host bacteria (Choveaux et al., 2012). In humans and yeast, 

copper from Ctr1 is passed on to copper chaperones including copper chaperones 

for superoxide dismutase which traffics copper to copper/zinc superoxide dismutase 

(Cu/Zn SOD1) in both the cytosol and mitochondrion (Kim et al., 2008, Lutsenko et 

al., 2010). However, P. falciparum lacks the gene encoding cuprozinc SOD1 but 

synthesizes an iron/manganese Sod (Maurya et al., 2022, Islam et al., 2022). 

According to Fairfield et al.,1983, human SOD1 provides copper for the parasite 

when it ingests the host cells’ cytoplasm that moves with catalase enzyme, 

hemoglobin, and Cu/Zn SOD1 and gets deposited in the food vacuole where Cu/Zn 

SOD is digested to release copper and Zinc. However, at times, it is suggested that 

Cu/Zn SOD1 may escape this digestive process and either remain in the vacuole or 

migrate to the parasite's cytoplasm (Fairfield et al., 1983). Studies have shown that 

Cu/Zn SOD1 is an alternative source of copper for P. falciparum (Fairfield et al., 

1983, Olliaro et al., 1995).  

1.20.2 Copper delivery to the mitochondria 

Copper delivery to the mitochondria is essential in the malaria parasite 

because the functionality and biogenesis of cytochrome c oxidase (CcO) rely on the 

metalation of the subunits CuA and CuB (Leary et al., 2004, Llases et al., 2019, 

Ghosh et al., 2014). Cox17 in yeast has been implicated in the delivery of copper to 

the mitochondria owing to its cytoplasmic localization (Glerum et al., 1996, Maxfield 

et al., 2004, Horng et al., 2004, Caron-Godon et al., 2024). However, this thought 

was debated as Cox17 was found to be more effective in the delivery and metalation 

of copper to CcO sites through Sco1 and Cox 11 (Balandin et al., 2002, Povea-

Cabello et al., 2024), which play a role in the insertion of copper in CuA and CuB sites 

of the cytochrome c oxidase (Cobine et al., 2006). In P. falciparum, Cox17 was 

demonstrated to bind copper in-vitro and in-vivo, and it was determined to be 

localized in the cytoplasm and mitochondria from the ring to schizont stages 

(Choveaux et al., 2015). Therefore, PfCox17 was thought to have a role in copper 

transport to the mitochondria, though there is an incomplete understanding of copper 

shuttling to the mitochondria in P. falciparum (Choveaux et al., 2015). Another 

copper protein determined in P. falciparum related to copper delivery to CcO is 

Cox11, which was found to bind copper in-vitro and when expressed within E. coli 

host cells (Salman et al., 2022). An alternative copper transporter that may deliver 

Cu to the mitochondria in yeast has been identified to be a non-proteinaceous 

copper ligand (CuL); however, it has not been identified in Plasmodium to this date 

(Cobine et al., 2004, Cobine et al., 2006, Vest et al., 2019, Cobine et al., 2021). 
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Another Cu transporter protein that has been identified in yeast in this regard is Pic2 

(Vest et al., 2013). Yeast strains lacking Pic2 were found to be deficient in CcO 

functionality and were observed to have decreased Cu levels compared to wild-type 

(WT) strains (Vest et al., 2013). This suggested a critical role of Pic2 in the import of 

Cu into the mitochondria. In humans, SLC25A, an identical orthologue to the Pic2 

protein, has been identified as the major mitochondrial transporter of both Cu and 

phosphate (Boulet et al., 2018). In P. falciparum, the ability of Pic2 to bind copper 

has not yet been determined; however, there is a possibility that PfPic2 could have a 

similar role to those observed in yeast and humans. 

1.20.3 Copper efflux from the parasite 

Copper accumulation in a cell may lead to perturbation of metabolism and in 

some, impinge the development and growth (Waalkes et al., 2000, Saporito-Magriñá 

et al., 2018, Zhang et al., 2024, Springer et al., 2024). Therefore, copper transporter 

proteins that secrete Cu from cells play a role in maintaining normal copper levels 

(Kuo et al., 2021, Tang et al., 2019, Ruiz et al., 2021). 

 

Fig 1.6 Copper metabolism in Plasmodium falciparum. Illustration of possible copper pathways in 
the Plasmodium falciparum. The dotted arrows show copper's suggested pathways, including the 
potential copper protein transporters. Source: M. Kwangu. 

In yeast and human cells, copper is secreted by ATPases 7A/7B when 

abnormal levels are reached (Hamza et al., 2003, Ding et al., 2014, Gupta et al., 

2009). In Plasmodium falciparum, CuATPase protein has been suggested to have a 

role in the efflux of excess copper levels (Rasoloson et al., 2004). PfCuATPase is 

the largest copper transporter homolog among many other copper proteins present 

in P. falciparum and is located on the parasite’s membranes as well as the surface of 

infected red blood cells (Rasoloson et al., 2004). The PfCuATPase binds copper (I) 

and may have a role in the export of copper to the host cell in situations when copper 
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surges beyond optimum concentration in the parasite. The question that begs an 

answer is how copper is trafficked from Ctr1 or proteins with bound copper in the 

cytoplasm to PfCuP-ATPase because, unlike yeast and human cells, P. falciparum 

has no Atox1 to shuttle copper to the CuP-ATPase. However, PfGrx1 instead is 

being proposed in the current study to be a potential transporter of copper between 

PfCtr1 and PfCuP-ATPase as illustrated in Fig 1.6 due to PfGrx1’s similar role in 

copper homeostasis to that of Grx1 in humans (Maghool et al., 2020). Additionally, 

PfSAHH may also play a role in copper transport to the exporter protein as shown in 

Fig 1.6. 

1.21 Glutaredoxins (Grxs) 

Glutaredoxins are described as small ubiquitous disulfide oxidoreductases 

that fall in the thioredoxin superfamily (Collinson et al., 2002, Stroeher et al., 2012, 

Meyer et al., 2008). A Cys-X-X-Cys/Ser active site is present in most of these 

proteins (Rouhier et al., 2002, Ogata et al., 2021). The proteins are found in almost 

all living organisms apart from certain bacterial and archaeal phyla (Rouhier et al., 

2008, Alves et al., 2009). Glutaredoxins are divided into different classes based on 

the active site they have, i.e. CP[Y/F]C or CGFS which are dithiol and monothiol 

respectively (Picciocchi et al., 2007). However, these have been renamed as classes 

I and II (Couturier et al., 2009, 2013). Two additional classes (III and IV) belong to 

land plants and a small number of algae and animals, respectively (Meyer et al., 

2008, 2012). The Grx1 belongs to the class I group of glutaredoxins and has the 

CPYC (CXXC) motif that may be reduced by Glutathione (GSH) and has been 

demonstrated to bind copper (I) (Klatt et al., 2000, Michelet et al., 2006, Zaffagnini et 

al., 2008, Pimentel et al., 2012, Maghool et al., 2020). The Glutaredoxin enzymes 

reduce disulfide bonds and thus participate in deglutathionylation activities of the cell 

(Stroeher et al., 2012), nevertheless, some of the Grxs may play a role in the iron-

sulfur cluster transfer proteins (Rouhier., 2010, Liedgens et al., 2020, Trnka et al., 

2020, Chai et al., 2023). Further, Grxs are known to regulate inflammation as well as 

play a role in the transfer of copper from Ctr1 to the P-ATPases  (Liao et al., 2010, 

Maghool et al., 2020). 

1.22 Human Glutaredoxin1 (hGrx1) 

The hGrx1 is a member of the glutaredoxin class I group of enzymes and a 

GSH-dependent thiol-disulfide oxidoreductase (Alves et al., 2009, Bouldin et al., 

2012, Liu et al., 2015). The enzyme has a major role in the regulation and 

maintenance of the redox system (Cater et al., 2014, Aon-Bertolino et al., 2011, 

Begas et al., 2017, Xiao et al., 2019). Studies have shown that it has a C-XX-C motif 

between C23 and C26 which is also an active site (Berndt et al., 2008). Previous 

studies have shown that this site has increased affinity for Cu(I) (Brose et al., 2014, 

Xiao et al., 2011, Sun et al., 1998). Further studies have reported an interaction 

between hGrx1 and the Metal Binding Domains (MBDs) of ATP7A and ATP7B (Lim 

et al., 2006). Several studies looking at the hGrx1 knockdown and overexpression in 

neurons and mouse embryonic fibroblasts have suggested a significant effect on 
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copper homeostasis (Cater et al., 2014, Singleton et al., 2010, De Benedetto et al., 

2014). The hGrx1 has been proposed to reduce oxidized Atox1 using GSH substrate 

(Brose et al., 2014). Further, studies of the recombinant hGrx1 (rhGrx1) show its 

ability to bind Cu(I) through the Cys residues present in its active site (Maghool et al., 

2020). However, Cu(I) binding to the hGrx1 potentially inhibits the enzyme and 

makes it unavailable for various activities. In other cells like neurons, this mechanism 

protects the cells from the effects of copper toxicity (Cater et al., 2014). 

1.23 Plasmodium falciparum Glutaredoxin1 (PfGrx1) 

Plasmodium falciparum Grx1 is a small, dithiol protein, found in the cytoplasm 

of the parasite with a weight of approximately 12.4 kDa and has a classical motif 

‘CPYC’ which is the active site of the protein (Rahlfs et al., 2001). P. falciparum 

expresses other Grx-like proteins (GLP1, GLP2, and GLP3) which are monothiol and 

located in the cytosol and mitochondria respectively (Kehr et al., 2010). PfGrx1 is an 

essential protein of the parasite whose role is to decrease oxidative stress, thus 

increasing the survival chances of the parasite (Schirmer et al.,1995, Patzewitz et 

al., 2012, Jortzik et al., 2012, Djuika et al., 2013). The malaria parasite is often 

exposed to increased amounts of reactive oxygen species (ROS) during the 

erythrocytic stage of development (Schwarzer et al., 2003a and b, Winograd et al., 

2005, Tiwari et al., 2021). Additionally, the heme is produced by the catabolism of 

the host cell hemoglobin that is ingested by the parasite leading to the   production of 

toxic compounds that contribute to the free radical generation (Schirmer et al.,1995, 

Müller., 2015). In Trypanosoma cruzii, Toxoplasma gondii, and Cyanobacteriium 

synechocystis sp, Grx1 has been found to improve the survival chances of these 

organisms (Piacenza et al., 2009, Rabenau et al., 2001, Sánchez-Riego et al., 

2013).  

1.24 PfGrx1 and hGrx1 

Maghool et al., 2020 report the ability of hGrx1 to bind Cu (I) and interact with 

Atox1 and ATP7A/7B. Research aiming to establish the Cu (I) binding ability of 

PfGrx1 and its interaction with PfCuATPase remains to be elucidated. However, the 

similarities established through previous studies suggest that PfGrx1 may have 

similar functions to hGrx1. More studies are required to understand the interaction of 

PfGrx1 and other Cu transporters like Plasmodium falciparum Ctr1, Cox17, S-

adenosylhomocysteine hydrolase (PfSAHH), and PfCuATPase. This will offer some 

insight into Cu distribution in the Plasmodium falciparum parasite. 

1.25 Overview of S-adenosylhomocysteine hydrolase (SAHH) 

SAHH is an enzyme that is conserved across most organisms and plays a 

role in the conversion of S-adenosyl-l-homocysteine (SAH) to L-homocysteine 

(HCY). The molecular weight of SAHH ranges between 45-56 kDa across the 

different species (Creedon et al., 1994, Seo et al., 1993, Tanaka et al., 2004, 

Kusakabe et al., 2015). The species have varying structures of SAHH and, thus, may 

have variations when it comes to functions. Various studies have reported that 

SAHH enzymes from Plasmodium falciparum, Mycobacterium tuberculosis 
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(MtSAHH), rat (RnSAHH), mouse SAHH, and human (HsSAHH) all form 

homotetramers, however, those from bacterium Alcaligenesis faecalis and plant 

Lupinus luteus (LISAHH) are homohexamers and homodimers respectively (Bujnicki 

et al., 2003, Reddy et al., 2008, Corrales et al., 2013, Dai et al., 2022a, Kusakabe et 

al., 2015, Singh et al., 2016, Koeppl et al., 2024, Brzezinski et al., 2012). All the 

monomers have cofactor and substrate domains divided by a cleft in a deep pocket 

(Singh et al., 2016, Tanaka et al., 2004). The cofactor domain binds NAD+ which is 

not covalently bound but is closely attached (Singh et al., 2016). In plants, a sodium 

binding site close to the active site of the LISAHH has been documented (Brzezinski 

et al., 2012). SAHH has a variety of functions, and its deficiency is associated with 

many conditions such as vascular disorders, myopathy, fatty liver, cancer, renal 

insufficiency, and diabetic nephropathy, renal insufficiency, , myopathy, cancer, and  

(Guo et al., 2024, Fan et al., 2024, Ito et al., 2024, Xia et al., 2024, Cueto et al., 

2024). SAHH has a critical role in regulating transmethylation in all eukaryotic 

organisms (Caracausi et al., 2024). 

1.26 Human S-adenosylhomocysteine hydrolase 

Human SAHH forms a tetramer with similar monomers each bound with NAD+ 

(Singh et al., 2016, Coulter‐Karis et al., 1989). Amino acid residues unique to the 

binding of NAD+ are asparagine, lysine, and tyrosine at positions 322, 473, and 477 

respectively (Singh et al., 2016). Another feature of importance that is also 

conserved in multiple organisms is the GYGDVGKG (GXGXXGXG) motif that has 

been shown to bind to NAD+ in other organisms like P. falciparum SAHH (Creedon et 

al., 1994). Mutational studies have revealed various functions of this enzyme 

(Yamada et al., 2002). Missense mutation has been observed to lead to hSAHH 

deficiency that causes negative effects on various body systems (Dai et al., 2022a 

and b, Bjursell et al., 2011). Similarly, copper deficiency may cause a deficiency in 

SAHH in some organisms, i.e. in mouse hepatocytes, copper deficiency led to SAHH 

deficiency (Seo et al., 1993, Bethin et al., 1995b); however, no data suggests that 

copper can lead to the deficiency of SAHH in humans. Nevertheless, human SAHH 

has been proposed to be involved in copper metabolism as well as sulfur amino acid 

metabolism (Bethin et al., 1995a). 

1.27 Role of Plasmodium falciparum S-adenosyl Homocysteine Hydrolase 

(PfSAHH) in copper metabolism 

PfSAHH is a highly conserved enzyme that causes a reversible hydrolysis of 

SAH to l-homocysteine (HCY) and adenosine (ADO) (Creedon et al., 1994, Bujnicki 

et al., 2003, Nakanishi et al., 2005). The protein may play a role in copper 

metabolism though there are no reports regarding the ability of the PfSAHH to bind 

copper. However, there exist structural similarities among SAHHs in various species. 

For this reason, PfSAHH may have similar functions to those observed in other 

SAHHs from different organisms. Studies have indicated that HsSAHH and RnSAHH 

bind Cu, though the motif where the metal binds has not yet been studied. It can 

however be speculated that copper might bind to the metal-binding domain on each 
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monomer (Bethin et al., 1995a, Bethin et al., 1995b, Seo et al.,1993). More studies 

are needed to investigate the copper-binding ability of PfSAHH and its interaction 

with other Cu chaperones which might offer alternative and novel drug targets for 

malaria. 

1.28 Potential interaction of S-adenosylhomocysteine hydrolase, Glutathione, 

and Glutaredoxin 1; Implications for copper metabolism in Plasmodium 

falciparum 

Human and mouse SAHH have been found to bind copper with the latter 

being demonstrated to be sensitive to copper deficiency, thus copper acting as a 

regulator of mouse SAHH derived from the hepatocytes (Bethin et al., 1995a and b, 

Seo et al., 1993). While PfSAHH’s role in copper metabolism remains unstudied, it 

possesses a co-factor binding motif (GYGDVGKG, [GXGXXGXG]) that is conserved 

in multiple organisms (Creedon et al., 1993, Singh et al., 2016, Tanaka et al., 2004) 

and suggested to bind copper. Having these similarities makes us propose that 

PfSAHH may bind copper and participate in the copper homeostasis of the parasite. 

Therefore, inhibition of SAHH using either compound inhibitors or copper chelators 

can lead to a decrease in SAHH levels. SAHH inhibitors like neplanocin A, a novel 

cyclopentenyl analog of adenosine, have been reported to have antimalarial activity 

and that PiggyBac transposon mutagenesis suggests that PfSAHH is essential for 

parasite viability (Whaun et al., 1986, Borchadt et al., 1984, Zhang et al., 2018). In 

humans, SAHH deficiency has many documented effects on different organs, such 

as muscles (Ramadza et al., 2022), the heart, and blood vessels (Dai et al., 2022a). 

In a study involving the rat SAHH deficiency, there was an increase in oxidative 

stress in the cerebral cortex due to the accumulation of S-adenosylmethionine (SAM) 

which led to decreased glutathione (GSH), increased malondialdehyde (MDA), 

decreased sulfhydryl content and an increase in carbonyl content (Zanatta et al., 

2018). One striking consequence of inhibiting SAHH is that inhibition leads to 

decreased glutathione where several redox enzymes like glutaredoxins and 

reactions depend (Djuika et al., 2013, Singleton et al., 2010, Urgate et al., 2010). A 

decrease in glutathione has been suggested to inhibit copper proteins like Cu-

ATPases, affecting intracellular copper concentration and decreasing glutaredoxin 1 

activity (Singleton et al., 2010, Liao et al., 2010). Depleting GSH using L-buthionine-

sulfoximine (BSO) has been shown to decrease copper entry to 50% into the HEK 

cells and various cell types, data which suggests glutathione’s role in hCTr1’s copper 

uptake (Maryon et al., 2013b) and its transfer to intracellular copper chaperones. 

Atox1 is regulated by glutathione, and low levels of glutathione have been 

demonstrated to help Atox1 in its copper binding by reducing the disulfide bonds 

(Hatori et al., 2012). 

On the other hand, Glutaredoxins (GRXs) are small ubiquitous disulfide 

oxidoreductases known to use GSH as an electron donor (Zaffagnini et al., 2008, 

Liao et al., 2010, Saaranen et al., 2009). Any perturbations regarding GSH 

destabilize the functionality of Glutaredoxins (Elko et al., 2019). Human 

Glutaredoxin1 (hGrx1) has been found with the potential to deliver copper to ATP7B, 
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thus offering an alternative pathway to the maintenance of copper homeostasis 

(Maghool et al., 2020, Singleton et al., 2010). The hGrx1 donates copper to Atox1 

and regulates its binding to protein through GSH (Brose et al., 2014, Maghool et al., 

2020). Due to PfGrx1’s CXXC motif (Rahlfs et al., 2001) that is present in hGrx1, 

conserved in Grx1 from many organisms, and demonstrated to bind copper, the 

PfGrx1 is likely to have similar roles in the parasite. Evidence in humans has shown 

that SAHH and Grx1 may have interactions with glutathione, a situation that may be 

similar for PfSAHH and PfGrx1 more especially for the activity of PfGrx1 which may 

be anchored on GSH (Zanatta et al., 2018, Elko et al., 2019).  Furthermore, inhibition 

of PfSAHH by drugs like neplanocin A may lead to the accumulation of S-

adenosylmethionine (SAM) which causes a decrease in glutathione levels (Whaun et 

al., 1986) (Fig 1.7). The low levels of glutathione may then affect the activity of 

copper proteins like PfCtr1, PfGrx1, and PfCuP-ATPases (Fig 1.7), as observed in 

human copper proteins.   

PfGrx1 might be the alternative route or link between PfCtr1 and CuATPase 

transporter in the copper pathway as proposed in the present study. However, 

PfGrx1 might be inhibited due to the decrease in the levels of GSH because of the 

inhibition of PfSAHH (Fig 1.7). These effects might affect copper transport and 

distribution in the parasite and therefore possibly lead to impingement on the growth 

and development of the parasite. It is therefore important to evaluate the copper 

binding abilities of PfSAHH and PfGrx1 and their interaction as this might offer 

alternative or novel drug targets for antimalarials. In addition, PfGrx1 is important for 

the viability of the parasite (Zhang et al., 2018) 

 

Fig. 1.7 Possible interaction of GSH, PfSAHH, and PfGrx1 and its implication on copper 
metabolism. Source: M. Kwangu  
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1.29 Study Outline 

The Plasmodium parasite has in the recent past developed partial resistance 

to antimalarial drugs, and alarmingly, drugs (Artemisinin combination therapy) used 

as the first line of treatment have shown to be partially ineffective in combating 

malaria (Dondorp et al., 2009, Noedl et al., 2008, WHO., 2023). There has been 

renewed hope with the introduction of new pre-erythrocytic vaccines RTS, S/AS01, 

and R21/Matrix-M (Okombo and Fidock., 2024). Some drugs are under development 

as of 2022, and this list is always updated on MMV website 

(https://www.mmv.org/research-development/mmvs-pipeline-antimalarial-drugs). In 

addition, various approaches are utilized to enhance antimalarial drug discovery 

progress (Siqueira-Neto et al., 2023). Recent reviews during the COVID pandemic 

revealed novel antimalarial hits that target various parasitic stages (Luo et al., 2023), 

It has been observed that many antimalarial candidates that end up being formulated 

into drugs result from phenotypic screening (Luo et al., 2023). A study conducted 

using data from the Medicines for Malaria Venture (MMV) website, all six candidates 

namely, MMV533, ZY19489, INE963, GSK701/MMV367, and intravenous KAE609 

significantly enhanced the treatment of malaria               (Okwu et al., 2025). Clinical 

trials were conducted to establish the effect of using combined drugs such as 

ganaplacide/lumefantrine-SDF, cabamiquine/pyronaridine, and both oral and 

intravenous cipargamin, and INE963, results are promising and resistance is likely to 

be evaded using such malarial regimen (Okwu et al., 2025). However, the situation 

needs more studies to be undertaken to identify and develop new drugs to address 

resistance to antimalarial drugs. Genomic studies have been helpful in drug 

discovery though breakthroughs have eluded these efforts (Gamo et al., 2010). 

Other methods such as the identification of malarial proteins, prediction of ligands, 

and simulations of various proteins present in humans and the parasite have been 

used to add to efforts focused on the search for alternative novel drugs to combat 

malaria (Joubert et al., 2009). Further, different strategies must be pursued which 

include modifications of the available drugs to develop novel agents that focus on 

new targets (Rosenthal et al., 2003).  

Copper uptake, distribution, and efflux may provide interesting potential drug 

targets that deserve exploration. Focusing on the proteins involved in copper 

metabolism in the Plasmodia offers promising outcomes as regards alternative drugs 

to combat malaria. This idea is backed by studies that found that copper chelators 

namely neocuproine and diethyldithiocarbamate inhibit the growth of P. falciparum 

from ring to trophozoite stage (Rasoloson et al., 2004, Meshnick et al., 1990). 

Rasoloson et al., 2004 report a Plasmodial copper transporter that is bound to the 

membrane and plays a role in the secretion of copper from the parasite. 

Nevertheless, it is not clearly understood how copper is trafficked from Ctr1 to the P-

type ATPase copper efflux protein in times when the parasitic cell has an abnormal 

concentration of copper (Rasoloson et al., 2004). In humans, Grx1 offers an 

alternative pathway for copper movement from Ctr1 to ATP7A/7B (Maghool et al., 

2020). Due to structural similarities between hGrx1 and PfGrx1, it is proposed that 



29 
 

PfGrx1 may play a similar role in Plasmodium and provide answers to what proteins 

transport copper to PfCuP-ATPases from PfCtr1 and intracellular pool when there is 

excess copper in the parasite. Another Plasmodium protein that has no information 

regarding the role it plays in copper metabolism but has been demonstrated to have 

the ability to bind copper in other species is Plasmodium falciparum S-

adenosylhomocysteine hydrolase. The current study aimed to identify, express, and 

characterize copper-binding Plasmodium falciparum Glutaredoxin 1 and S-

adenosylhomocysteine hydrolase. 

1.30 Aim and Objectives 

The present study aimed to gain an understanding of the plasmodia cuprome 

through the evaluation of the copper-binding ability of PfGrx1 and PfSAHH. The 

following objectives were formulated to address the main aim of the study. 

1. To clone and recombinantly express the PfGrx1 and PfSAHH proteins in 

Escherichia coli (E. coli). 

2. Evaluate the copper-binding ability of recombinant PfGrx1 and PfSAHH both 

in-vitro and in-vivo by measuring the inhibition of copper-catalyzed ascorbate 

oxidation assay by the two proteins, assessing the E. coli bacterial (with and 

without recombinant protein) growth in the absence and presence of toxic 

copper levels, and using bicinchoninic acid (BCA) copper release assay. 

3. To predict protein-to-protein interaction between PfGrx1 and PfCtr1, and 

PfGrx1 and Cu-ATPase, PfGrx1 and PfCox17 and PfGrx1 and PfSAHH using 

ClusPro 2.0 (https://cluspro.org) 

4. Identification of copper binding sites of PfGrx1, PfSAHH, PfCtr1, PfSco1, 

PfCox11, PfCox17, and PfCox19 using the sequence alignments, BLASTp 

search and Metal-Ion Binding (MIB2) site prediction and modeling server 

(http://combio.life.nctu.edu.tw/MIB2/.   
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Chapter 2 

 Materials and Methods 

2.1 Introduction 

The current chapter describes general materials and methods utilized under 

bioinformatics, molecular biology, and biochemical techniques. 

Table 2.1 Methods, materials (reagents and products), and Manufacturers. 

Method Material Manufacturer 

PCR Oligonucleotide primers 

One Taq® Polymerase 

10 mM dNTPs 

Integrated DNA Technologies (IDT), USA 

New England Biolabs (Ipswich, USA) 

Thermofischer Scientific (Waltham, USA) 

Agarose  

electrophoresis 

100bp DNA ladder 

O’GeneRuler™1kb DNA Ladder 

Seakem®LE agarose 

Agarose, low gelling temperature 

Ethidium bromide 

New England Biolabs (Ipswich, USA) 

Fermentas (Vilnius, Lithuania) 

Lonza (Rockland, USA) 

Sigma (St. Louis, USA) 

 

Cloning Bioline Isolate II PCR and Gel kit. 

pET100/D-TOPO® Expression plasmid 

BamHI, and EcoRI, restriction 

enzymes 

GeneJet™ Plasmid Miniprep Kit, 

TransformAid™ 

Thermo Scientific GeneJet Gel 

Extraction Kit 

Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) 

Meridian Bioscience (London, England). 

Invitrogen, Thermofischer Scientific (Waltham, USA) 

Thermofischer Scientific (Waltham, USA) 

 

Thermofischer Scientific (Waltham, USA) 

 

Thermofischer Scientific (Waltham, USA) 

 

Thermofischer Scientific (Waltham, USA) 

Bacteriological 

culture methods 

E. coli JM109 and BL21(DE3) pLysS 

cells 

Ampicillin sodium salt  

Bacteriological agar  

Tryptone  

Yeast extract 

Sodium Chloride  

D-(+)-glucose 

Novagen (Darmstadt, Germany), Promega (Madison, 

USA) 

Sigma (St. Louis, USA) 

Merck, Wadeville, Gauteng 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Merck, Wadeville, Gauteng 

SDS-PAGE Molecular weight marker 

Acrylamide  

Bis-acrylamide  

Sodium dodecyl sulfate (SDS) 

Tetremethylethylenediamine (TEMED) 

β-mercaptoethanol 

Coomassie brilliant blue-R 

Bromophenol blue 

Glycerol 

Acetic acid glacial 

Methanol 

Thermofischer Scientific (Waltham, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Bio-Rad Laboratories, USA 

Merck, Schuchardt, Munchen 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Merck, Wadeville, Gauteng 

Radchem (Pty)Ltd, SA 

Radchem (Pty)Ltd, SA 
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Table 2.1 Methods, materials (reagents and products), and Manufacturers (continued). 

Method Materials Manufacturer 

SDS-PAGE Molecular weight marker 

Acrylamide  

Bis-acrylamide  

Sodium dodecyl sulfate (SDS) 

Tetremethylethylenediamine (TEMED)  

β-mercaptoethanol 

Tricine 

Coomassie brilliant blue-R 

Bromophenol blue 

Glycerol 

Acetic acid glacial 

Methanol 

Thermofischer Scientific (Waltham, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Bio-Rad Laboratories, USA 

Merck, Schuchardt, Munchen 

Merk, Sigma-Aldrich (USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Merck, Wadeville, Gauteng 

Radchem (Pty)Ltd, SA 

Minema Chemicals, South Africa. 

Western Blot Nitrocellulose 0.45 µM 

Fat-free milk powder 

Primary antibody: 

Mouse anti-His tag 

Secondary antibody: 

Goat-anti-mouse IgG+L peroxidase/HRP 

conjugate 

Ponceau S  

Luminol (C8H7N3O2,  

5-amino-2,3-dihydro-1,4 

phthalazinedione)  

4-iodophenol 

Hydrogen peroxide 30% 

Methanol 

Thermofischer Scientific (Waltham, USA) 

Spar (Pietermaritzburg, South Africa) 

Calbiochem owned by Merk KGaA, Darmstadt, 

Germany. 

Jackson ImmunoResearch Laboratories, INC 

Baltimore Pike, West Grove, PA 19390 

Sigma (St. Louis, USA) 

Aldrich (USA) 

Sigma (St. Louis, USA) 

 

Aldrich (USA) 

RADCHEM PTY LTD, South Africa. 

Minema Chemicals, South Africa. 

Talon Resin Affinity 

purification 

Sodium phosphate 

Sodium Chloride 

Imidazole 

2-(N-morpholine)-ethane sulfonic acid 

(MES) 

Sodium Azide (NaN3) 

Ethanol 

Talon Resin 

Merck, Germany 

Sigma-Aldrich, USA 

Sigma-Aldrich, USA 

Sigma, St. Louis, USA 

 

Sigma, St. Louis, USA 

Minema Chemicals, South Africa 

Takara Bio, USA, Inc 

Ascorbate oxidation 

assay 

Ascorbic acid  

Copper chloride dihydrate (CuCl2.2H2O) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

BCA copper-release 

assay 

Bicinchoninic acid 

Ascorbic acid  

Copper chloride dihydrate (CuCl2.2H2O) 

Trichloroacetic acid  

Thermofischer Scientific (Waltham, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 

Sigma (St. Louis, USA) 
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Table 2.2 Composition of buffers and reagents prepared in the present study 

Method Buffer or Reagent Composition 

Agarose electrophoresis 1x Tris-acetate EDTA (TAE) 

 

Ethidium bromide 

SeaKem® LE Agarose 

Pronasafe 

2 M Tris, 1 M glacial acetic acid, 50 mM, 

EDTA sodium salt, pH 8. 

10 mg/mL ethidium bromide in 1x TAE. 

10%w/v 

1.5% (v/v). 

Bacteriological culture methods Luria-Bertani (LB) 

 

LB agar 

Terrific broth (TB) 

 

 

2xYT 

 

SOC media 

 

 

Ampicillin 

IPTG 

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 

11 mM D-(+)-glucose, 0.5% (w/v) NaCl 

LB with 1.5% (w/v) bacteriological agar 

1.2% tryptone (w/v), 2.4% (w/v) yeast 

extract, 0.4% (w/v) glycerol, 17 mM KH2PO4, 

72 mM K2PO4 

1.6% (w/v) tryptone, 1% (w/v) yeast extract, 

0.5% (w/v) NaCl. 

2% (w/v) tryptone, 0.5% (w/v) yeast extract, 

10 mM NaCl, 2.5 mM MgCl2, 10mM MgSO4, 

and 20 mM Glucose 

100 µg/mL (PfGrx1) / 75 µg/mL (PfSAHH) 

100 mM IPTG in dH2O, filter-sterilized (0.22 

µM acetate filter) 

Tris-Glycine SDS-PAGE Monomer Solution 

 

Separating gel Buffer 

Stacking gel Buffer 

SDS 

Initiator reagent 

2x reducing treatment buffer. 

 

 

Tank buffer 

29.2% (m/v) acrylamide, 0.8% (m/v) bis-

acrylamide 

1.5 M Tris-HCl, pH 8.8. 

500 mM Tris-HCl, pH 6.8. 

10% (m/v) SDS. 

10% (m/v) ammonium persulfate. 

125 mM Tris-HCl, 4% (m/v) SDS, 20% (v/v) 

glycerol, 10% (v/v  β-mercaptoethanol, pH 

6.8. 

250 mM Tris-HCl, 192 mM glycine, 0.1% 

(m/v) SDS, pH 8.3. 

Tris-Tricine SDS-PAGE               Acrylamide-Bisacrylamide  

 

Gel Buffer (3x) 

Ammonium persulfate 

Anode buffer 

Cathode buffer  

 

2x Reducing treatment buffer 

 

 

Stain stock solution 

Staining solution 

 

Destaining solution I 

Destaining solution II 

                                                                                                                  

49.5% (w/v) acrylamide, 3% w/v bis-

acrylamide 

3 M Tris-HCL, 0.3% (m/v), pH 8.45 

10% (w/v) ammonium persulfate 

0.1 M Tris-HCL, pH 8.9 

0.1 M Tris-HCL, 0.1 M Tricine, 0.1% (w/v) 

SDS, pH 8.25 

125 mM Tris-HCl, 4% (m/v) SDS, 20% (v/v) 

glycerol, 10% (v/v) β-mercaptoethanol, pH 

6.8. 

1% (m/v) Coomassie blue R-250 

0.125% (m/v) Coomassie blue R-250, 50% 

methanol, 10% (v/v) acetic acid. 

50% (v/v) methanol, 10% (v/v) acetic acid. 

5% (v/v) methanol, 7% (v/v) acetic acid. 

 

Western blot Transfer buffer. 

 

Tris-buffered saline (TBS) 

50 mM Tris, 200 mM glycine, 20% (v/v) 

methanol, pH 8.3 

20 mM Tris-HCl, pH 7.4, 200 mM NaCl. 
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Ponceau S stain 

Blocking solution 

BSA-TBS, for antibody 

dilutions 

 

Chemiluminescent reagent 

 

4-Chloro-1-naphthol stock 

0.2% (w/v) Ponceau S in 1% (v/v) acetic 

acid. 

5% (w/v) non-fat powdered milk in TBS. 

0.5% (w/v) BSA in TBS. 

0.1 M Tris-HCl, 0.2 mg/mL luminol, 0.055 

mg/mL p-iodophnol, 0.075% (v/v)  

0.03g in 10 mL Methanol, Substrate – 2 mL 

stock solution, 8 mL TBS, and 4 µL H2O2 

Talon Resin Affinity purification Phosphate/Saline solution 

 

Wash Buffer 

 

Elution Buffer 

 

MES Buffer 

Storage Buffer 

50 mM Sodium phosphate (NaH2PO4), 300 

mM Sodium chloride (NaCl), pH 7.0 

50 mM Sodium phosphate, 300 Sodium 

chloride, 10 mM Imidazole, pH 7.0 

50 mM Sodium phosphate, 300 Sodium 

chloride, 500 mM Imidazole 

20 mM MES, pH 5.0 

0.1% Sodium azide (NaN3), 20 % ethanol 

 

Bradford assay Phosphate buffer saline (PBS) 

 

Bovine serum albumin (BSA) 

 

137 mM NaCl, 2.7 mM KCl, 6.5 mM Na2PO4, 

1.5 mM KH2PO4, pH 7.2 

1 mg/mL BSA 

E. coli copper tolerance assay Copper (II) chloride 1 M CuCl2.H2O in dH2O, filter-sterilized (0.22 

µM acetate filter). 

Copper-catalyzed ascorbate 

oxidation assay (NOTE: Fresh 

ascorbic acid was prepared for 

each experiment) 

Ascorbic acid / ascorbate 

solution 

Copper (II) chloride 

 

240 µM ascorbic acid, pH 4.5 

10 mM CuCl2.H2O in dH2O 

BCA copper release assay 

(NOTE: Fresh ascorbic acid 

was prepared for each 

experiment) 

Copper (II) Chloride 

Ascorbic acid 

Trichloroacetic acid 

Bicinconinic acid 

10 mM CuCl2.H2O in dH2O 

100 mM, and 2 mM ascorbic acid solutions 

30% (w/v) TCA. 

0.15mM Bicinchoninic acid, 0.9 M NaOH, 

0.2 M HEPES 

 

2.2 Equipment 

This section provides the equipment and the source (companies). Equipment 

purchased from Bio-Rad (California, USA) are as follows: T100™ Thermal cycler, 

Basic Powerpac™, and Miniprotean®3 system with 1 mm spacer; Thermo Scientific 

NanoDropTM 2000 was bought from Thermo Fisher Scientific (Massachusetts, USA); 

BG-subMINI horizontal electrophoresis from Baygenebiotech was obtained from 

China; Syngene G: Box system (UK). The centrifuge: Avanti™ X-22R was bought 

from Beckman colter (California, USA); Micro Tube Peristaltic pump MP-3 was 

purchased from EYELA Tokyo Rikakikai Co.Ltd. (Tokyo, Japan); Orbital shaking 

incubator from New Brunswick Scientific (New Jersey, USA); UV-1800 Shimadzu 

spectrophotometer from Shimadzu Corporation (Kyoto, Japan); Water bath from GFL 

(Burgwedel, Germany); Benchtop orbital shaker and Spectrafuge benchtop 

centrifuge from Labnet International Inc. (USA); Weigh balance was bought from 

Denver Instruments (USA); pH meter from HANNA instruments; Magnetic stirrers 

from Velp Scientifica (Europe). 
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2.3 Bioinformatics 

This section describes bioinformatic methods used to characterize the two 

Plasmodial copper-binding proteins (Grx1 and SAHH). 

2.3.1 Sequence identification and structural characterization. 

An updated PlasmoDB (https://plasmodb.org/plasmo/app) was accessed on 

8th September 2022 and searched for previously identified copper proteins 

(Choveaux et al., 2012, 2015) as well as new ones. This was done by using GO 

terms such as CMC1, DMT1, CUTA, PIC2, and Glutaredoxin1. The present study 

focused on the in-silico analysis of PfSAHH and the   PfGrx1 from the Plasmodium 

falciparum genome. The putative Grx1 and SAHH sequences from P. falciparum, P. 

ovale, P. vivax, P. Knowlesi, and P. malariae were analyzed. These amino acid 

sequences were aligned using ClustalWTM, to identify characteristic features that 

may be conserved in multiple amino acid sequences from other parasites 

(Thompson et al., 1994, 2003, Hung et al., 2016). Multiple alignments of 

PfGrx1(PF3D7_0306300) were conducted with Grx1 from other organisms (A. 

thaliana (Q8LFQ6), S. cerevisiae (P25373), T. parva (Q9BH70), B. taurus (P10575), 

M. musculus (Q9QUH0), and H. sapiens (P10575). PfGrx1 was screened for 

acetylation (Zhao et al., 2018, Yang et al., 2019, Yu et al., 2020) and ubiquitylation 

sites by using GPS-PAIL 2.0 (Deng et al., 2016, Radivojac et al., 2010, Cai et al., 

2016)  (http://pail.biocuckoo.org/online.php) and UbiProber online servers 

(http://bioinfo.ncu.edu.cn/UbiProber.aspx). To compare the 3-dimensional structures 

of PfGrx1 and HsGrx1, both structures were obtained from Protein Data Bank (PDB) 

and superimposed and visualized using PyMOL (http://www.pymol.org/pymol), and 

the generated RMSD was used to interpret the results (Peersen et al., 2019, Faure 

et al., 2019). The copper binding motifs conserved in all sequences from the various 

organisms were identified using ClustalWTM and visualized through PyMOL 

(http://www.pymol.org/pymol). The potential presence of a transmembrane region in 

the PfGrx1 amino acid sequence was determined by the TMHMM server (Kahsay et 

al., 2005). It is important to predict these because membrane proteins are difficult to 

solubilize and purify (Kahsay et al., 2005, Xu et al., 2006).  The characteristics of 

PfGrx1 which include cellular and chromosome location, molecular weight, and 

biological and molecular functions were sourced from PlasmoDB and UniProt. 

Additionally, other servers like Expasy-ProtParam, and DTU-TMHMM were used to 

confirm the cellular location of the copper-binding proteins. 

PfSAHH multiple sequence alignment was performed using ClustalWTM with 

A. thaliana (Q23255), S. cerevisiae (P39954), M. musculus (P50247), and H. 

sapiens (P23526), B. bovis (A7AW30), and T. annulata (Q4UCR8). The amino acid 

sequences were analyzed to determine immunogenic peptides using the Predict7TM 

algorithm (Cármenes et al., 1989) based on factors such as hydrophilicity, surface 

probability, flexibility, and antigenicity. The purpose of conducting this in silico 

experiment was to generate antibodies in chickens against PfSAHH; however, it was 

not done (Hurdayal et al., 2010, Chauhan et al., 2005). Transmembrane regions 
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were screened for using the TMHMM prediction server, followed by the 

determination of domains, motifs, and features using the SMART program server 

(http://smart.embl.de/) (Letunic et al., 2004, 2012). Similarities between the human 

and Plasmodial SAHH were established through PyMOL 

(http://www.pymol.org/pymol), and later sequence alignment of the SAHH amino acid 

sequence from Plasmodium falciparum and humans was performed by ClustalWTM 

(Yuan et al., 2017, Bramucci et al., 2012). Copper and NAD/H binding sites were 

predicted using Solvent accessibility-based Protein-Protein Interface iDEntification 

and Recognition (SPPIDER) software (Porollo et al., 2007). The integrity of the 

PfSAHH structure obtained from PDB, was checked by utilizing VERIFY3D (Dym et 

al., 2006, Eisenberg et al., 1997, Adebiyi et al., 2021). To establish the proteins that 

have been documented to interact with Pfgrx1 and PfSAHH, the STRING database 

was utilized (https://string-db.org/) (Mering et al., 2003, Szklarczyk et al., 2021) 

2.4 Preparation of competent Escherichia coli (E. coli) host cells 

The current study utilized a calcium chloride method in making the E. coli cells 

competent (Dagert and Ehrlich, 1979, Mandel and Higa, 1970, Sambrook et al., 

2006). E. coli JM109 and BL21 (DE3) cells were streaked on Luria Broth (LB) agar 

and incubated for 16 hours at 37°C. A single colony was selected from the bacterial 

culture and grown overnight in 5 mL LB media at 37°C with shaking at 200 

revolutions per minute (RPM). The overnight culture was diluted into fresh LB media 

using a ratio of 1:100 and grown at 37°C with shaking until OD600 of 0.3-0.4 was 

achieved. The culture was transferred to pre-chilled centrifuge tubes and centrifuged 

at 2700 × g for 5 min at 4°C. The supernatant was then decanted, and the pellet was 

carefully resuspended in ice-cold autoclaved CaCl2 (0.1 M) (1/10th of the starting 

culture volume). This was incubated on ice for 30 min. The cell suspension was 

centrifuged as before and the pellet was resuspended in ice-cold sterile CaCl2, 

glycerol solution (0.01 M, 15% glycerol) (1/50th of the starting culture volume). The 

cells were then aliquoted in 200 µL volume using pre-chilled 1.5 mL microcentrifuge 

tubes and stored at -80°C until required. 

2.5 Transformation of competent E. coli cells 

Expression plasmid DNA of either PfGrx1 or PfSAHH was added to the 

aliquot of the prepared competent cells and mixed gently. The mixture was then 

incubated on ice for 30 min, followed by heat shock at 42°C for 60 sec (Chang et al., 

2017). The cells were put back on ice and incubated for 2 min. After this, Super 

Optimal broth with Catabolite repression (SOC) medium (800 µL) was added to the 

cells and incubated for 60 min with shaking at 200 RPM. The cells were later plated 

in duplicate on LB-agar plates containing ampicillin and incubated at 37°C overnight.  

2.6 Isolation of Plasmids 

DNA was isolated using the GeneJet Plasmid Miniprep Kit as per the 

manufacturer’s instructions. The method is based on the principle of precipitating 

chromosomal and plasmid DNA that is found in the bacterial lysate.  
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2.6.1 Method 

A single colony was picked from a freshly streaked plate and incubated in 5 

mL of 2xYT media supplemented with 100 µg/mL (PfGrx1) or 75 µg/mL (PfSAHH) 

ampicillin at 37°C for 16 hours with shaking (200 RPM). Table 2.3 shows the strains 

of E. coli that were used in the present study. The bacterial culture (2 mL) was then 

centrifuged at 6800 × g for 2 min at room temperature. The supernatant was 

decanted to remove the remaining media. The pelleted cells were resuspended in 

250 µL of resuspension buffer by vortexing until there were no more clumps. Lysis 

buffer (250 µL) was added, and the solution was mixed by inverting the tube 6 times 

till the solution turned viscous and slightly clear. Further, 350 µL neutralization 

solution was added to the tube and mixed immediately as before. The lysate was 

then centrifuged at 12000 × g for 5 min to pellet the cell debris and chromosomal 

DNA. The supernatant was transferred to the GeneJet spin column and centrifuged 

for 1 minute (Pronobis et al., 2016). The flow-through was discarded and the column 

was placed back into the collection tube. Wash solution (500 µL) was added to the 

GeneJet spin column and centrifuged for 60 seconds, the flowthrough was 

discarded, and the step was repeated as described before. The spin column was 

centrifuged to remove residual ethanol from the plasmid preps. The GeneJet spin 

column was then transferred into a fresh 1.5 mL microcentrifuge tube, and 50 µL of 

elution buffer was added. This was incubated for 2 min at room temperature and 

centrifuged for 2 min at 12000 × g. The purified and isolated DNA was later stored at 

-20°C. 

Table 2.3 Genotypes of E. coli host cells used for cloning and expression of recombinant 
Plasmodium falciparum copper-binding proteins. 

E. coli Strain Genotype Function 

JM109 F´ traD36 proA*B* laclq Δ(lacZ)M15/ Δ(lacproAB) glnV44 

e14* gyrA96 recA1 relA1 ndA1 thi hsdR17(rK-mK*) 

Maintenance and propagation 

of recombinant plasmids for 

transformation into expression 

cells 

BL21 (DE3) F-- ompT hsdSB (rB
- mB

- )gal dcm (DE3) Expression of recombinant 

pET100 TOPO/D containing 

the putative copper chaperone 

Grx1 and SAHH 

BL21 (DE3) pLysS F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) pLysS (CamR) Expression of recombinant 

pET100 TOPO/D vector 

containing PfGrx1 and 

PfSAHH 

 

2.7 Restriction endonuclease digestion of plasmids  

The plasmid DNA was isolated using the protocol outlined in section 2.7. The 

purified plasmid was digested using the following reagents: Nuclease free water (7 

µL), 10 × Buffer EcoRI/BamHI (2 µL), Isolated plasmid DNA (PfGrx1/PfSAHH) (10 

µL), EcoRI/BamHI (1 µL). The components were mixed in PCR tubes and incubated 

at 37°C for 1 hour. A volume of 5 µL was pipetted from the tube containing the 
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BamHI and later used as a sample for single digest (BamHI), the rest (15 µL) was 

incubated for 15 minutes at 65°C to deactivate the restriction enzyme. Then 2 µL of 

500 mM Tris-HCL (pH 7.5) and 50 mM MgCl2 (pH 7.5) were added plus 1 µL of 

EcoRI and incubated at 37°C for 2 hours. The single and double digests were 

confirmed using 1% (w/v) agarose gel electrophoresis (Lee et al., 2012). 

2.8 Agarose gel electrophoresis 

A 1% agarose gel was used to monitor the restriction digests, and 0.3 g of 

agarose was weighed and dissolved in 30 ml of 1 × TAE buffer. The solution was 

then heated in a microwave until all the agarose dissolved completely and later 

allowed to cool. Ethidium bromide (10 mg/mL stock concentration) was added, and 

the gel was poured into a gel cassette and allowed to set. The samples were loaded 

into the wells together with the loading buffer (1:5). Electrophoresis was conducted 

at 70 V and the image was captured using Syngene G: Box system. The DNA bands 

were evaluated using a log of DNA standards [10, 000 bp, 8000, 6,000 bp, 4, 000 bp, 

2, 000 bp, and 250 bp] (Thermofisher ScientificTM GeneRulerTM DNA ladders., 2018) 

2.9 Expression plasmids utilized in the present study 

The figures below show the expression vector that was used in the recombinant 

expression of the Plasmodium falciparum Glutaredoxin 1 (PfGrx1) and Plasmodium 

falciparum S-adenosylhomocysteine hydrolase (PfSAHH). Both expression plasmids 

were commercially synthesized by Thermofisher Scientific Company. The expression 

vector in Fig 2.1 A shows the total number of base pairs amounting to 6130. The 

insert that is located between the T7 promoter region, Xpress epitope, Enterokinase 

recognition site, and T7 transcription termination region has 366 bp. Furthermore, 

the constructs were referred to as PfGLUD+thromb_cleav_pET100/D-TOPO 

(PfGrx1).  

The map in Fig 2.1 B indicates 7234 base pairs (bp) for the whole plasmid, out of 

which 1470 bp accounted for the insert. The name of the construct was 

PfADHC+thrombin_cleav_pET100D-TOPO (PfSAHH). The host strain utilized for the 

expression was the E. coli BL21 (DE3) pLysS. 
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A.                                                                 B. 

  

Fig 2.1 Map of the pET100/D-TOPO expression vectors. This plasmid map includes the ampicillin-
resistant gene (Amp-R), thrombin cleavage site, and Enterokinase recognition sites. The inserts 
(PfGLUD and PfADHC) were located between the EcoRI and BamHI not shown on the maps. 

2.10 Polymerase chain reaction amplification of PfGrx1 and PfSAHH DNA 

The polymerase chain reaction (PCR) was undetaken to amplify the PfGrx1 

and PfSAHH genes. Universal primers were used to amplify both inserts. Table 2.4 

shows summarized conditions used for the amplification of the genes (PfGrx1 and 

PfSAHH). 

The type of the DNA polymerase that was utilized in this experiment was one 

Taq DNA polymerase enzyme. Additionally. parameters such as annealing 

temperature, and number of cycles were optimized together with other conditions 

summarized in Table 2.4. All the cycling conditions were determined using the NEB 

guidelines. Webtool oligocalc was used to establish the optimal annealing 

temperature. The initial denaturation temperature was set at 94°C for 3 minutes with 

68°C as the extension temperature for the two amplifications that were performed in 

this current study (Fig 2.2). The PCR product was used to establish the presence of 

the inserts in the transformed E. coli BL 21 (DE3) cells after challenges in the 

expression stage for both proteins. The templates for both PfSAHH and PfGrx1 were 

isolated using the Thermo Scientific GeneJet Gel Extraction Kit as outlined in section 

2.7.1. In the ideal situation, the products are mainly used as templates for secondary 

reactions to obtain more material. Table 2.5 shows the primers that were used in the 

experiment. The products were then resolved on a 1% (w/v) agarose gel and viewed 

under UV light. 
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Table 2.4 Components for the PCR amplification of PfGrx1 and PfSAHH DNA 

Reaction Component Concentration Experiment (µL) Control (µL) 

5×Reaction Buffer 1× 5 5 

2.5 mM dNTPs 0.2 mM 2 2 

10 µM T7 promoter 0.2 µM 0.5 0.5 

10 µM T7 terminator 0.2 µM 0.5 0.5 

Template 256 ng 2 0 

1 U/µl Taq Polymerase 0.5 U 0.5 0.5 

Nuclease free water - 14.5 16.5 

Total Volume  25 25 

 

Fig 2.2 Shows PCR temperature conditions for the amplification of PfGrx1 and PfSAHH genes 
as established by NEB guidelines. 

 

Table 2.5 Universal Primers used in the amplification of PfGrx1 and PfSAHH 

Primer name Sequence (5’           3’) Melting Temperature 

(°C) 

T7 Promoter -TAA TAC GAC TCA CTA TAG GG- 48.3 

T7 Terminator -GCT AGT TAT TGC TCA GCG G- 53.8 

 

2.11 Recombinant expression of PfGrx1 and PfSAHH 

The following protocol details the procedure followed when expressing PfGrx1 

and PfSAHH. Each plasmid was transformed in a particular E. coli bacterial cell line 

and colonies were selected for the expression of rPfGrx1 and rPfSAHH.  

Glycerol stocks of E. coli BL 21 (DE3) or E. coli BL 21 (DE3) pLysS containing 

PfGrx1 or PfSAHH plasmids were streaked onto 2xYT agar plates containing 100 

µg/mL/75 µg/mL of ampicillin and grown for 16 h at 37°C. A colony was selected and 

inoculated in 5 mL of bacterial medium supplemented with ampicillin at different 

concentrations for each plasmid (100 µg/mL (PfGrx1) and 75 µg/mL (PfSAHH)).  It 

was incubated for 16 h with shaking (200 rpm) at 37°C. The overnight culture was 
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then diluted (1:100) in fresh media with ampicillin at the mentioned concentrations 

and grown at 37°C till an OD600nm of 0.5-0.6 (mid-log phase) was achieved. IPTG 

concentration of 0.2 mM and 1 mM was used to induce the expression of PfGrx1 and 

PfSAHH, respectively. The induced E. coli cultures were grown for 16 hours at 20°C. 

Ampicillin (100 µg/mL or 75 µg/mL) was added at the point of induction to allow E. 

coli cells to maintain the plasmid DNA. The bacteria harboring the plasmid with the 

resistant gene to ampicillin proliferates in the presence of antibiotics while those 

without the antibiotic resistance plasmid will die. This will enhance growth and 

efficient protein expression (Blommel et al., 2007). Killing bacteria without the 

plasmid enhances the growth of the desired bacteria and, in turn, leads to increased 

protein expression (Makrides., 1996). The above conditions were selected after 

trying several conditions outlined in Table 2.6.  After the induction period, the cells 

were harvested by centrifugation (4000 × g, 10 min). 

Table 2.6 Variations to the culture conditions used for the recombinant expression of PfGrx1 
and PfSAHH 

  LB without Glucose 

 Medium LB with Glucose 

  TB 

  2xYT 

Culture conditions  20°C 

 Temperature 25°C 

  30°C 

  37°C 

 OD600 ~0.6 

  ≥ 2.0 
Note: The induction of PfGrx1 expression was examined at all the temperatures, while PfSAHH was only examined at 

20⁰C and 37⁰C.  The two recombinant proteins were induced for 16 hours. 

2.12 Affinity purification of recombinant proteins 

The bacteria pellets from section 2.12 were resuspended in 10% of the culture 

volume in wash buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM Imidazole, 

pH 7.0). The resuspended cells were divided into two, with one part receiving 10 mM 

dithiothreitol (DTT). The resuspended cells were sonicated on ice (6 cycles, 30 

s/burst, and 30 s between bursts at the frequency of 25 kHz). The cell lysates were 

then centrifuged (14000 × g, at 4°C, 10 min). The supernatant was filtered through a 

0.2 µM filter before adding to a 1 ml Talon resin. The clarified lysate in the column 

was incubated with resin for 1 hour (end-over-end in a cold room). The flow-through 

was collected and the resin was washed with three column volumes of wash buffer 

(50 mM sodium phosphate, 300 mM NaCl, 10 mM Imidazole, pH 7.0) until A280  

readings were less than 0.02. PfGrx1 and PfSAHH were eluted with an elution buffer 

(50 mM sodium phosphate, 300 mM NaCl, 500 mM Imidazole, pH 7.0) in 500 µL 

fractions. The protein fractions were pooled and quantified using the Bradford 

method and stored at -20°C. 



41 
 

2.13 Bradford protein assay 

BSA was used to construct a Bradford standard curve (Bradford., 1976; 

Goldring., 2015). A 1 mg/mL BSA stock was used to construct the standard curve by 

taking sample absorbance readings at 595 nm on a Shimadzu spectrophotometer. 

The quantification of the recombinant proteins was carried out by using the standard 

curve in Fig 2.3. Protein concentration was also determined using absorbance at 

280nm. 

 

Fig  2.3 Bradford calibration curve. BSA was used in the range of 10 to 100 µg. All 
values are average values of triplicate readings. 

2.14 Tris-Glycine Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

After recombinant expression and purification of PfSAHH, the samples were 

run on reducing SDS-PAGE according to Laemmli., 1970. A polyacrylamide gel 

measuring up to 1 mm thick comprising separating and stacking gels was prepared 

following the protocol outlined in Table 2.7. Samples were mixed in a 1:1 ratio with 

the reducing treatment buffer and loaded (5 µL) into the gel wells in a Bio-Rad Mini 

Protean II™ vertical slab electrophoresis apparatus. The running time of the 

electrophoresis was 1 hour using 20 mA per gel. Once the run was completed, the 

gel was either utilized in a western blot or stained overnight with  Coomassie brilliant 

blue G250 
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Table 2.7 Recipe for SDS-PAGE gels 

Reagent Separating Gel (15%) 
(mL) 

Stacking Gel (4%)  
(mL) 

Monomer solution 7.5        0.94    
Separating gel buffer 3.5        - 
Stacking gel buffer - 1.75    
10% SDS 0.15      0.07    
Distilled water 3.5        4.3      
10% Ammonium 
persulfate 

0.075    0.035  

TEMED 0.0075  0.015  

 

2.15 Tris-Tricine Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

The Tris-Tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(Schägger., 1987, 2006, Haider et al., 2019) was used to analyze PfGrx1. The 

separating and stacking gels were prepared as stated in Table 2.8. Samples that 

were prepared in a 1:1 ratio with reducing treatment buffer were loaded (5 µL) onto 

the gel wells. Electrophoresis was conducted  at 30 V till the dye front crossed from 

the stacking to the separating gel. The voltage was then increased to 90 V and the 

experiment continued  at this voltage till the dye front reached approximately 0.5 cm 

from the bottom. The gels were either stained with Brilliant Coomassie blue for 

visualization or used in the western blot.  The stained gel was destained (Destain 

solution I and II) and images were obtained for analysis.  

Table 2.8 Recipe for two Tricine-SDS polyacrylamide gels 

Reagent Separating (10%) 
(mL) 

Stacking (4%) 
(mL) 

Acrylamide-Bisacrylamide 3.0 0.5 

Gel Buffer (Tris-HCL) 5.0 1.5 

Glycerol 1.5g - 

Distilled water 6.0 3.95 

Ammonium persulfate 0.075 0.045 

TEMED 0.0075 0.0045 

2.16 Western blot 

The two recombinant proteins were detected by western blotting according to 

Towbin et al., 1979, and Kurien et al., 2006. After  the SDS-PAGE electrophoresis, 

one gel was used in the western blot to transfer proteins to nitrocellulose (0.45 µM). 

The electro-transfer was conducted overnight in a blotting buffer at 40 mA. The 

success of the transfer was checked by staining the nitrocellulose with Ponceau S 

solution. The nitrocellulose membrane was washed using distilled water and three to 

four drops of NaOH. A thorough wash of the nitrocellulose with distilled water was 

ensured to remove any residual NaOH interfering with the blocking step. NaOH has 

been shown to affect milk (Law et al., 2000, Sinaga et al., 2017). Mouse anti-His 
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antibodies (primary antibody; 1:1000) and goat anti-mouse HRP  conjugate 

(secondary antibody; 1:12000) were utilized to probe for  PfGrx1 and PfSAHH. The 

proteins were detected using a chemiluminescent reagent with the recipe described 

in Table 2.9 (Thorpe et al., 1985, Hool et al., 1988, Kricka et al., 1983, Yang et al., 

2015). The images were viewed on the Syngene G: Box system (Kulinska et al., 

2023). After using the first method (ECL),  4-chloro-1-napthol (Doe et al., 1988, 

Kobayashi et al., 1989), was used to detect the protein bands of interest. The 4-

chloro-1-naphthol stock was prepared by adding 0.03g in 10 mL methanol. During 

the staining procedure, 2 mL of the stock solution was mixed with 8 mL of TBS plus 4 

µL of hydrogen peroxide. The staining takes about 10-30 minutes for the bands to 

show.   

 

Table 2.9 Recipe for ECL 

Reagent Volume (µL) 

Tris-HCL 10 

Luminol 50 

p-iodophenol (0.1 M) 25 

H2O2 25 

 

2.17 Copper binding studies 

The recombinant proteins’ ability to bind copper was determined by using the 

following approaches: (i) assessment of the effect of copper on the growth of E. Coli 

cells expressing the recombinant proteins (ii) inhibition of copper-catalyzed ascorbic 

acid oxidation assay and (ii) Bicinchoninic acid (BCA) copper release assay. 

2.17.1 Effect of toxic copper on the growth of E. coli with or without the 

plasmid expressing the recombinant proteins 

E. coli bacteria without or with a plasmid expressing the recombinant proteins 

were grown in 2xYT media at 20°C in the absence or presence of 8 mM copper. The 

PfGrx1 and PfSAHH expression were induced using 0.2 mM and 1 mM IPTG, 

respectively. The cultures for bacteria harboring plasmids were supplemented with 

ampicillin 100 µg/mL (PfGrx1) and 75 µg/mL (PfSAHH), respectively. Growth was 

monitored overnight (16 hours) by recording OD600 readings at the point of 

induction, and the end of the expression.  

2.17.2 Inhibition of copper-catalyzed ascorbic acid oxidation assay 

To determine whether the recombinant proteins could bind copper, rPfGrx1 

and rPfSAHH expressed in the absence or presence of 0.5 mM copper and isolated 

without or with DTT (DTT protects thiols from oxidation) were subjected to the 

copper-catalyzed ascorbic acid oxidation assay (Jiang et al., 2005). A 1 mL reaction 

was set up and conducted under room temperature comprising 120 µM ascorbic 

acid, 8 µM copper (II) chloride and 5 µM purified rPfGrx1 or rPfSAHH. The pH of 
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ascorbic acid was adjusted to 4.5 each time it was prepared, using acetic acid. All 

components were added to the reaction with ascorbic acid being added last to start 

the reaction. The absorbance at 255 nm was monitored for 300 sec at pH 4.5, in 

intervals of 5 seconds using a UV-1800 Shimadzu spectrophotometer. The 

experiment was repeated three times with the average readings being used to plot 

the graphs. 

2.17.3 Bicinchoninic acid (BCA) copper release assay 

To establish whether the two recombinant proteins bind copper (I) or copper 

(II), the BCA copper release assay was utilized as described by Brenner and Harris., 

1995. The method involves the formation of a complex between the BCA and copper 

(I) (BCA-Cu (I) at alkaline pH and produces a purple color that is detected at a 

wavelength of 354 nm.  

The rPfGrx1 and rPfSAHH expressed in the absence of copper and isolated 

without or with DTT were used in the in-vitro copper binding study. The purified 

protein samples were incubated with non-reduced or reduced copper (II) chloride by 

ascorbate (10 mM final concentration) equivalent to a 20-fold molar excess (1:20). 

Ascorbic acid creates a redox reaction in which it is oxidized, and the copper ions 

are reduced to Cu (I).The mixture was vortexed and incubated at room temperature 

for 15 min with agitation in intervals of 5 minutes. The protein sample was then 

passed through a 10 mL Sephadex-G10 spin column at 1000 × g for 2 mins to 

remove unbound copper that could interfere with the results. After removing excess 

copper, 750 µL of the sample was added to 250 µL trichloroacetic acid (TCA) and 

centrifuged at 12000 × g for 2 min after vortexing to pellet the denatured proteins. 

The supernatant (250 µL) was aliquoted in four microfuge tubes, after which 200 µL 

buffered BCA reagent was added to each of the four tubes. Since the experiment 

was conducted in duplicates, 50 µL of 2 mM ascorbic acid was added to two of the 4 

tubes, and distilled water was added to the other two tubes. The samples were 

vortexed and incubated for two minutes at room temperature and absorbance 

readings were recorded at 354 nm. When a protein binds copper (I), the purple color 

change was observed without adding ascorbate, while the binding of copper (II) 

required the addition of ascorbic acid that reduced copper (II) to copper (I) to allow 

BCA to form a complex with the metal ion. The concentration of recombinant proteins 

was adjusted to 10 µM and applied throughout the experiments for consistency. The 

readings were recorded, and the student t-test was used to establish the statistical 

significance of the protein’s ability to bind copper (I  or (II . 

The in-vivo experiment utilized rPfGrx1 and rPfSAHH expressed in the 

presence of 0.5 mM of copper and isolated without and with DTT. The cells were 

harvested and washed two times with PBS equal to 50% of the culture volume. After 

purification, the protein was used at 10 µM in an experiment carried out as the one 

described in-vitro copper binding. Further, the PfGrx1 and PfSAHH that bound 

copper in-vivo previously and isolated with or without DTT were incubated with 

copper, and steps of the BCA copper release assay protocol were followed as 

outlined above in this section (2.18.3). 
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2.18 Protein-protein interaction and molecular docking 

The interaction of PfGrx1 with PfSAHH and other Copper-binding proteins 

was determined using ClusPro version 2.0. 

(https://doi.org/10.1016/j.str.2020.06.006). ClusPro is a web-based server 

(https://cluspro.org) that is used in the direct docking of two proteins that can 

potentially interact at physiological conditions. The program uses Protein Data Bank 

(PDB) format files of proteins. ClusPro has over the years expanded and improved 

since its introduction, adding advanced features like the application of attraction or 

repulsion forces, construction of homo-multimers, and removal of unstructured 

protein (Kozakov et al., 2017). The program can account for pairwise distance 

constraints, and small-angle X-ray scattering (SAXS) is considered including locating 

hairpin-binding sites (Kosakov et al., 2017). There are mainly three main steps 

involved in the docking process: (i) rigid-body docking by sampling billions of 

conformations (Kozakov et al., 2006) (ii) root-mean-square deviation (RMSD)- based 

clustering of 1000 lowest-energy generated structures (iii) refinement of the selected 

structures utilizing energy minimization. Ten models having centers with highly 

populated clusters of low energy docked structures are generated (Kozakov et al., 

2005). The runs are completed in approximately 4 hours.  This method has 

demonstrated the first 30 largest generated clusters have near-native structures for 

92% of the protein-to-protein complexes (Comeau et al., 2004, Chen et al., 2003, 

Bohnuud et al., 2017). The ranking of models based on cluster size has proved to 

provide reliable and the best near-to-native complexes (Kosakov et al., 2013). The 

complex was annotated in PyMOL and then analyzed in PDBsum 

(http://www.ebi.ac.uk/pdbsum).  

Molecular docking studies were done using the MIB2 modeling server which is an 

updated version of MIB (Lin et al., 2016, Lu et al., 2022). These servers use the 

fragment transformation as documented by Lu et al., 2006, which deals with the 

comparison of structures between the query protein and the MIB templates. MIB and 

MIB2 (http://combio.life.nctu.edu.tw/MIB2/) can dock a total number of 18 metal ions 

namely, Ca2+, Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, Fe2+, Ni2+, Hg2+, Co2+, Cu+, Au+, 

Ba2+, Pb2+, Pt2+, Sm3+, and Sr2+. The source of the MIB templates is the Protein Data 

Bank (PDB) of structures and metal ion complexes (Lu et al., 2022). The modeling 

makes use of protein sequences for those proteins without 3D structures by use of 

the PS2 modeling method (Chen et al., 2009, Lu et al., 2012). There are also 

instances when the method uses AlphaFold structure databases (Veradi et al., 

2022). 
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Chapter 3 
 

The Plasmodium spp. Putative Glutaredoxin 1: Bioinformatic studies, 

recombinant protein expression, and copper binding studies with Plasmodium 

falciparum Glutaredoxin 1 (PfGrx1) 

3.1 Introduction 

The mapping of the Plasmodium genome has aided a thorough study of the 

parasite’s proteome. This aspect has an impact on many important facets of malaria 

elimination, as the plasmodial mitochondrial proteome is one of the key drug targets 

(Antoine, 2012, Vaidya and Mather, 2009). In this important area are proteins 

involved in the parasite's survival, such as those in the electron transport chain. The 

functionality of the electron transport chain depends on the presence of copper 

which is supposed to be acquired and distributed by copper-dependent proteins. 

However, many of these proteins are yet to be characterized. Unlike PfGrx1 which 

has not been yet characterized, HsGrx1 metallochaperone has shown the potential 

to deliver copper to ATP7B through Atox1-independent mechanisms (Maghool et al., 

2020). The current section identifies the putative PfGrx1 using in-silico analysis. 

3.2 Results 

3.2.1 The identification of copper-binding proteins in the Plasmodium 

falciparum database (Plasmodb) 

Copper homeostasis is critical to the survival of the malaria parasite. The 

proteins involved in the uptake, distribution, and secretion of copper from the 

parasite have not been well studied. Twelve (12) copper-binding orthologs were 

identified by Choveaux et al., 2012, and seven of these have been characterized. 

Table 3.1 shows the various copper-binding proteins that have been identified and 

characterized utilizing a BLASTp search of the PlasmoDB genome database using 

the Theileria parva polymorphic immunodominant molecule (PIM) sequence as first 

described by Toye et al., 1996 (Toye et al., 1996, Choveaux et al., 2012). 

Table 3.1 Copper-dependent protein orthologs identified in the P. falciparum proteome. 

Proteina  Accession 

number 

Protein 
characterization 

PlasmoDB protein 

identifier 

Reference 

S-adenosyl-L-homocysteine 

hydrolase 

P23526  No PF3D7_0520900 Tanaka et al., 2004 

Copper transport protein 

(Ctr1) 

Ctr2 

L41833 

 

- 

Yes 

 

No 

PF3D7_1421900, 

PF3D7_1439000  

PF3D7_1421900 

Choveaux et al., 

2012 

Sco1 

 

PfCuP-ATPase 

O75880 Yes 

 

Yes 

PF3D7_0708900 

 

PF3D7_0904900 

 Choveaux et al., 

2012 

Rasoloson et 

al.,2004 

Cox11 

 

Cox14 

 

 

 

Yes 

 

Yes 

PF3D7_1475300 

 

PF3D7_0825600 

Choveaux et al., 

2012 

Watson et al., 2020 



47 
 

a. Pf3D7 strain. 

b. Commonly known as ‘Phosphate Carrier protein’ which carries copper in organisms 

unstudied in Plasmodium falciparum. 

 

3.2.2 Identification of Plasmodium falciparum glutaredoxin 1 (PfGrx1) in 

PlasmoDB 

The PfGrx1 amino acid sequence was identified in the Plasmodb database 

and was aligned with the amino acid sequence of Grx1 from six organisms (Fig 3.1, 

A). The sequence alignments are utilized to identify potential copper-binding motifs 

 

 

Cox15 

 

NP_510870 

 

 

Yes 

 

 

 

PF3D7_1435000 

 

 

Gardner et al., 

2002 

 

Cox17 

 

                                                               

Q81JE6 Yes PF3D7_1025600 Choveaux et al., 

2012 

Cox19 AAY35062 Yes PF3D7_1201800 Salman et al., 2023 

Cytochrome-c oxidase subunit 

I 

ACR77861 No mal_mito_2 Gardner et al., 

2002 

 

Cytochrome-c oxidase subunit 

II 

ABU47824 No PF3D7_1430900 

PF3D7_1361700 

   Gardner et al., 

2002 

 

Cytochrome-c oxidase subunit 

III 

ABJ99455 No mal_mito_1 Gardner et al., 

2002 

 

Cytochrome-c oxidase subunit 

Vb 

AAA52060 No PF3D7_0927800 Gardner et al., 

2002 

 

Cytochrome-c oxidase subunit 

VIb 

AAP35591 No PF3D7_0928000.1 

PF3D7_0928000.2 

Gardner et al., 

2002 

 

Cg3 O75880 No PF07_0034 Choveaux et al., 

2012 

Mitochondrial phosphate 

carrier Protein 2 (Pic2)b 

 

 

Glutaredoxin 1 

Protein CutA, putative 

 

Divalent metal transporter 1 

(DMT1), putative 

COX assembly mitochondrial 

protein putative (CMC1) 

 

Cytochrome c oxidase 

assembly factor 5, putative 

(COA5) 

 

 

 No 

 

 

 

No 

No 

 

No 

 

Yes 

 

 

No 

PF3D7_1202200 

 

 

 

PF3D7_0306300 

PF3D7_1249500 

 

PF3D7_0715800 

 

PF3D7_0729600 

 

 

PF3D7_0825600 

Bhaduri-McIntosh 

S and. Vaidya A.B., 

1996 

 

Rahlfs et al., 2001 

Gardner et al., 

2002 

Loveridge et al., 

2024 

Gardner et al., 

2002 

 

Hall et al., 2002 



48 
 

and deduce common lineage. A conserved copper-binding CPYC (CXXC) motif was 

found in the amino acid sequences of all six organisms. Two of the amino acid 

sequences, T. parva and A. thaliana are longer than the rest (i.e. with an average 

length of 108 amino acids) of the sequences in the alignment each having 151 and 

135 amino acid residues respectively. The two organisms have 45 and 25 extra 

amino acid residues at the N-terminal respectively, while A. thaliana possesses 4 

extras at the C-terminal. The rest of the organisms have between 106 and 111 amino 

acids in their Grx1 amino acid sequences. Compared to the S. cerevisiae amino acid 

sequence, 4 amino acid sequences have one deletion, while the other 2 have 3 and 

4 deletions, all located 12 to 19 amino acids from the CPYC motif and in the C-

terminal region. 

3.2.3 Sequence analyses of Human Plasmodium spp   

In Fig 3.1, B, all five Plasmodium species that infect humans have a 

conserved copper binding CPYC (CXXC) motif and the serine (S) residue situated at 

amino acid residue 46, which is present in the Plasmodium falciparum sequence and 

absent (represented by a dash) from the remaining four species. Serine residues are 

often phosphorylated which could alter the activity of the protein or in the cell (Cox et 

al., 1992). However, the serine (S) is conserved among the 19 Plasmodium 

falciparum isolates that have been sequenced up to date (Fig 3.2). The CYPC motif 

is positioned within a ten amino acid conserved motif. Fig 3.1, B shows an average 

of 46.46% amino acid identity among the aligned Plasmodium species. 
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Fig 3.1 Amino acid sequence alignments of Plasmodium falciparum glutaredoxin 1 
(PfGrx1) with the Grx1 orthologs present in different species. A. PfGrx1 sequence was 
aligned with Grx1 from A. thaliana (Q8LFQ6), S. cerevisiae (P25373), T. parva (Q9BH70), B. 
taurus (P10575), M. musculus (Q9QUH0), and H. sapiens (P10575). B. Sequence alignments 
of Plasmodium spp that infect humans [P. vivax (PVP01_0833900.1), P. falciparum 
(PF3D7_0306300), P. knowlesi (PKNH_0836400.1), P. malariae (PmUG01_08049900.1), P. 
ovale (POWCR01_080040200_t1)]. The boxes in (A) and (B) indicate a conserved copper 
binding CPYC (CXXC) motif. The amino acid residues in yellow show acetylation sites, while 
that in blue indicate a serine residue. Conserved residues are indicated by *, while : 
represents a conserved and . indicates a semi-conserved amino acid substitution. The 
alignment was performed using ClustaIW (Thompson et al., 2003) 
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Fig 3.2 Alignments of amino acid sequence of Grx1 from 19 Plasmodium falciparum 
isolates identified in PlasmoDB. The first 60 amino acid residues of the Grx1 sequence 
from 19 Plasmodium falciparum isolates were aligned. The box indicates conserved serine 
(S) residue among the Plasmodium falciparum isolates. Conserved residues are indicated by 
*, while : represents a conserved and . indicates a semi-conserved amino acid substitution. 
ClustaIW (Thompson et al., 2003) was used to perform the multiple alignment. 

3.2.4 Determination of the acetylation, and ubiquitination sites among the five 

Plasmodium spp, yeast, and mammalian Grx1 sequences 

Each of the Plasmodium Grx1 sequences in Fig 3.1, B was submitted to the 

GPS-PAIL online saver to predict potential acetylation sites (Deng et al., 2016). 

Using the highest threshold, Plasmodium falciparum had three acetylation sites while 

the rest of the sequences had one each. However, no acetylation sites were 

predicted in mammalian, plant, or yeast sequences Fig 3.1, A. Acetylation plays a 

role in gene expression, for example histone acetylation relaxes the chromatin 

structure thereby making it easier for transcription factors and RNA polymerase to 

access the DNA. The lysine acyltransferase sites were specific to histone 

acetyltransferase p300 (EP 300) and cAMP-response element binding protein 

(CREBBP). KAT2B lysine acetyltransferase site was predicted in the Plasmodium 

falciparum Grx1 sequence. The EP300 acetylation sites in Plasmodium spp are 

situated at the N-terminal of the sequences, while the CREBBP acetylation sites 

were predicted within the C-terminal region (Fig 3.1 B). Plasmodium falciparum has 

two EP 300 sites positioned at 9 and 10 respectively, in the sequence. Using the 

UbiProber server, no ubiquitination site was predicted in all five Plasmodium species 

(Chen et al., 2013). Ubiquitination is an important post-translational modification 

(PTM) that plays a role in controlling substrate degradation and mediates the quality 

and quantity of various proteins (Pickart et al., 2001). 

3.2.5 An evaluation of sequence alignments of Plasmodium spp that infect 

humans, mice, birds, and monkeys 

The amino acid sequences of Grx1 belonging to Plasmodium spp which 

infects humans, mice, birds, and monkeys were identified in Plasmodb. In Fig 3.3, a 

conserved CPYC (CXXC) motif is shown. The serine (S) residue is present in 

Plasmodium falciparum but absent in the 11 species. Serine may play a role in the 

alteration of the enzyme functions especially if the protein is phosphorylated. This 
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deletion is positioned after 13 amino acid residues upstream of the CXXC motif. 

There is an average of 34.05% sequence identity among the amino acid sequences. 

 

Fig 3.3 Alignments of amino acid sequence of Grx1 from 12 Plasmodium spp selected 
from PlasmoDB. The amino acid sequences of Grx1 from 12 Plasmodium spp that infect 
humans, mice, birds, and monkeys were aligned using the ClustaIW (Thompson et al., 2003). 
The box indicates a conserved copper binding CPYC (CXXC) motif. Conserved iesidues are 
indicated by *, while : represents a conserved and . indicates a semi-conserved amino acid 
substitution. 

3.2.6 Comparison between the crystal PfGrx1 and NMR HsGrx1 structures 

using a layover method in PyMOL 

The PfGrx1 (Fig 3.4, A) and HsGrx1 (Fig 3.4, B) crystal structures were 

selected from the UniProt database (Manickam et al., 2014, Sun et al., 1998) and 

visualized using PyMOL (http://www.pymol.org/pymol). Fig 3.4, C indicates an 

overlay of PfGrx and HsGrx1 structures with an RMSD (0.684) less than 2Å. The 

generated complex showed that PfGrx1 is not significantly different from HsGrx1 

and, thus, may potentially have similar functions. However, when sequence 

alignment of the two amino acid sequences (PfGrx1 and HsGrx1) was performed, six 

deletions were observed in the human sequence. 
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Fig 3.4 Crystal structure of PfGrx1 and NMR HsGrx1 structure. A. PfGrx1 (4MZB) B. HsGrx1 
(1JHB), all obtained from the Protein Data Bank (PDB) (https://pdb101.rcsb.org/) C. The structures in 
(A) and (B) were superimposed using PyMOL software (http://www.pymol.org/pymol). 

3.2.7 Position of the copper binding motif (CXXC) on the PfGrx1 and HsGrx1 

structures 

When the PfGrx1 (crystal) and HsGrx1 (NMR) structures were visualized 

using PyMOL, copper binding sites were identified and annotated. Fig 3.5 A shows 

the position of the CPYC (CXXC) copper-binding motif which comprises Cysteine, 

Proline, Tyrosine, and Cysteine that are positioned at 29, 30, 31, and 32 in the 

PfGrx1 sequence (Rahlfs et al., 2001). In Fig 3.5 B, the copper-binding motif in 

hsGrx1 spans from amino acid 23 to 26 having Cys, Pro, Tyr, and Cys. According to 

Maghool et al., 2021, the HsGrx1 CXXC motif binds copper (I) and may potentially 

be involved in the transportation of copper to the metal-binding domains of the 

ATPase. 

 

 

Fig 3.5. Structures of PfGrx1 and HsGrx1 showing copper-binding motifs. A. PfGrx1 (4MZB) and 
B. HsGrx1 (1JHB) show the location (red) of the conserved CPYC (CXXC).  The structures (PDB) 
(https://pdb101.rcsb.org/) were processed and annotated using PyMOL software 
(http://www.pymol.org/pymol). 
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3.2.8 Prediction of PfGrx1 transmembrane spanning regions 

A prediction using DTU-TMHMM server v 2.0 was performed to determine 

whether the PfGrx1 has any transmembrane regions. Data indicates that the protein 

is in the cytosol with a probability of occurrence being above 1 (Data not shown). 

This implies that PfGrx1 has no regions situated in the membranes. Similar results 

are seen when PlasmoDB and UniProt are searched  

(https://plasmodb.org/plasmo/app, http://www.uniprot.org/). 

3.2.9 Bioinformatic tools utilized in the structural identification of PfGrx1 

Bioinformatic tools outlined in Table 3.2 were used to evaluate the structure of 

PfGrx1 and its characteristics. The predicted molecular weight was 12.4 kDa with an 

isoelectric point of 7.68. The grand average of hydropathicity has a positive value, 

indicating that the protein is hydrophobic. There seems to be a slight difference in the 

extinction coefficient between the structure that has all cysteines reduced (0.803) 

and that which does not have cysteines in a reduced state (0.813). The extinction 

coefficient of a protein enables the determination of the concentration of the pure 

protein. Of the amino acid residues making up this protein, 3 (2.7%) are cysteines 

that are positioned at numbers 29, 32, and 88. Out of these, cystines at positions 29 

and 32 are involved in the CXXC motif that is important for metal binding (Stephanie 

et al., 2021).  

Table 3.2. Summary of the structural features of the putative PfGrx1. 

Structural features Data BIOINFORMATIC 

TOOL 

Molecular weight  12.4 kDa Expasy-ProtParam 

Theoretical isoelectric point 7.68 Expasy-ProtParam 

Grand average hydropathicity 50.83 Expasy-ProtParam 

Number of cysteines 3 Expasy-ProtParam 

Extinction coefficient when all 

cysteines are reduced 

0.803 Expasy-ProtParam 

                                             

Number of transmembrane domains  0 DTU-TMHMM 

Copper-binding motifs CXXC Clustal Omega 

Biological function - Amino-acid transport 

- Ion transport 

- Protein transport 

UniProt 

Molecular function - Antioxidant activity 

- Glutathione-disulphide    

oxidoreductase activity 

- Protein-disulphide reductase 

(glutathione) activity 

 UniProt, PlasmoDB 

Cellular location Cytoplasm PlasmoDB 

Chromosome location Plasmodium falciparum chromosome 

03 

PlasmoDB 
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3.2.10 Cloning and expression of recombinant Plasmodium falciparum 

Glutaredoxin 1 

3.3.1 The coding sequence of PfGrx1 

In Fig 3.6 A, the region with codons for the whole insert including those for the 

protein with a copper-binding motif (CXXC) is shown in yellow. The first underlined 

bases in red (Fig 3.6, a) show the T7 promoter region where the primers bind during 

the amplification process. The second underlined group of bases (Fig 3.6, b) 

indicates the T7 reverse region. The highlighted region has incorporated two 

restriction sites which are EcoRI, and BamHI respectively, all with bases shown in 

red on the diagram. Fig B shows the start and stop codon including the CAT repeat 

that codes for histidine amino acid residue. 

 

 

Fig 3.6 Nucleic acid coding sequence of PfGrx1. The coding sequence was obtained from 
the whole plasmid encoding the PfGrx1 gene. The highlighted region in yellow corresponds to 
the gene sequence used for recombinant protein expression. A. The underlined bases in red 
indicate forward (within the T7 promoter site) and reverse primer sites, respectively. While 
EcoRI and BamHI are shown in red, respectively. B. The highlighted bases, ATG and TAG 
shows the start and stop codons, respectively. The underlined bases in blue indicate bases 
coding for 6×Histidine amino acid residues. 
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In Fig 3.6, the region with codons for the whole insert including those for the 

protein with a copper-binding motif (CXXC) is shown in yellow. The first underlined 

bases in red (Fig 3.6, a) show the T7 promoter region where the primers bind during 

the amplification process. The second underlined group of bases (Fig 3.6, b) 

indicates the T7 reverse region. The highlighted region has incorporated two 

restriction sites which are EcoRI, and BamHI respectively, all with bases shown in 

red on the diagram. 

3.2.11 The amplification of PfGrx1 

The PfGrx1 was amplified through colony PCR using Taq DNA polymerase 

after its in-silico analyses. This was performed to confirm the identity of the PfGrx1 

DNA in the plasmid. Fig 3.7 shows the whole plasmid in lane 2 with approximately 

4000 base pairs. A PCR product with the expected ~640 bp is shown in lanes 3 and 

4 when resolved on the agarose gel (Fig 3.7). There is a difference in terms of yield 

between lanes 3 and 4 due to the variation in the dNTPs used in the reactions. It was 

found that there was a greater yield of the amplicons with the use of ext. dNTPs (Fig 

3.7). 

 

Fig 3.7 Agarose gel of the PCR product of PfGrx1 gene (Commercially synthesized). The PfGrx1 
gene was amplified from one pET 100/D-TOPO rPfGrx1 plasmid-containing bacterial colony and 
resolved on a 1% (w/v) agarose gel containing ethidium bromide. Lane 1, DNA ladder; Lane 2, 
Isolated plasmid (Grx1), Lane 3, PCR product using 2.5 mM dNTPs; Lane 4, PCR product using 10 
mM dNTPs; Lane 5, template control. The arrow indicates the PfGrx1 amplified product. 

3.2.12 Restriction endonuclease digestion of PfGrx1 pET100/TOPO expression 

plasmid 

The restriction endonuclease digestion of pET100/TOPO expression plasmid 

harboring the rPfGrx1 gene was performed using EcoRI and BamHI. This 

experiment generated the desired PfGrx1 insert using BamH1 and EcoR1 restriction 

enzymes which confirmed the identity of the PfGrx1 insert. Samples from the 

digestion together with the undigested PfGrx1 were resolved on 1% agarose gel. 

(Fig 3.8) Figure 3.8, lane 2 shows three bands of the un-digested plasmid 
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representing nicked, linear, and supercoiled DNA. Single digests of the plasmid with 

EcoRI and BamHI, respectively, are seen as single bands of ~6000 bases in lanes 3 

and 4. Double digestion with EcoRI and BamHI in Tris-HCI/MgCl2 buffer yielded 

linearized PfGrx1 at ~6000 bp. Another band at ~366 bp was expected in lane 5 but 

could not be seen. When the volume was increased to 10 µL in lane 7, four bands 

were visible which included a linearized DNA ~6000 bp, two feint bands, and the 

PfGRx1 insert at ~366 bp.  Lanes 6 and 8, contain samples (10 µL and 1 µL, 

respectively) that were digested in tango buffer. Compared to Tris-HCI/MgCl2 buffer, 

digestion of the plasmid in tango buffer yielded star activity. Therefore, the latter was 

utilized for this restriction digest experiment. 

 

Fig 3.8 Digestion of PfGrx1 pET 100/D-TOPO expression Plasmid with EcoR1 and BamH1. 
Samples were all resolved on 1% (w/v) agarose gel containing ethidium bromide and viewed using 
Ultraviolet light. Lane 1 DNA Ladder; The PfGrx1 pET/D-TOPO plasmid was in Lane 2, undigested, 
Lane 3, digested with EcoR1; Lane 4, digested with BamH1; Lane 5, digested with EcoR1 and 
BamH1 in Tris-HCI/MgCl2 Buffer (1 µL); Lane 6, digested with EcoR1 and BamH1 in Tango Buffer (10 
µL); Lane 7, digested with EcoR1 and BamH1 in Tris-HCL/MgCI2 (10 µL) Lane 8, digested with 
EcoR1 and BamH1 in Tango Buffer (1 µL). 

3.2.13 Monitoring the growth of E. coli BL 21 (DE3) recombinantly expressing 

PfGrx1 

The E. coli BL 21 (DE3) bacteria were used for the expression of rPfGrx1 in 

Luria broth (LB) media. The culture was grown at 37°C and induced with 1 mM IPTG 

for 4 hours, and bacterial growth followed at OD600 (Fig 3.9). All five colonies showed 

differences between the uninduced and induced cultures and the best were colonies 

1 and 2. These were selected based on the differences in growth patterns of the host 

E. coli cells. The colony with the largest difference in growth between the uninduced 
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and induced cultures, was selected for subsequent experiments. Therefore, all the 

subsequent experiments were conducted using colony 1. 

 

            

 

Fig 3.9 Bacterial growth curves for the expression of PfGrx1 in LB media without glucose at 
37°C induced with 1 mM IPTG for 4 hours. Five different E. coli colonies were selected and grown 
in the presence (induced) or absence (uninduced) of IPTG, as shown by the arrow. Growth was 
monitored at OD600 nm. 
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3.2.14 Screening for the recombinant PfGrx1 

The bacteria used in Figure 3.9 were lysed and electrophoresed on 15% Tris-

tricine SDS-PAGE gels. In comparison with the uninduced samples in all the 

colonies, induced samples showed a minor protein band of approximately ~12 kDa 

thought to represent PfGrx1 (Fig 3.10). The size of this band corresponds to the 

predicted size for PfGrx1 of 13.4 kDa. Figure 3.10 shows that all five induced 

cultures have an induced protein larger than 100 kDa. However, the identity of this 

protein is not known. Arising from the results in Figures 3.9 and 3.10, two colonies 

(Colony 1 and 2) were chosen for the optimization of expression conditions for 

PfGrx1.  

 

 

Fig 3.10 Analysis of the expression of PfGrx1 in five colonies in LB media induced with 1 mM 
IPTG at 37⁰C for 4 hours. Bacterial lysates from five cultures, each from a separate E. coli colony 
were electrophoresed on 15% reducing Tris-tricine SDS-PAGE gel stained with Coomassie brilliant 
blue G250. Lane 1, molecular weight marker; Lane 2, uninduced sample taken at 0.5 at OD600 nm 
before the addition of IPTG. Lanes 3, 5, 7, 9, and 11 uninduced, and lanes 4, 6, 8, 10, and 12 induced 
samples taken after the addition of IPTG. The arrow above 10 kDa on the gel shows the expressed 
PfGrx1, while the one above 100 kDa indicates an unidentified protein. 

3.2.15 Optimization of conditions utilized in the PfGrx1 expression 

To determine the suitable growth and expression conditions for the 

recombinant PfGrx1, various media (Terrific broth, Luria broth, and 2xYT) were 

tested and 2xYT media gave the desired results (Fig 3.11). The rPfGrx1 was induced 

with 0.2 mM IPTG for 16 hours after several induction attempts using 0.5 and 1 mM 

(results not shown) which did not show the band of interest with the needed intensity. 

The induction periods were also varied from 4 to 16 hours with the latter being 

optimum for the expression (Fig 3.11). The observed weight of PfGrx1 was ~12 kDa 

which is close to the predicted size of ~13.4 kDa. The calculation of the protein size 

was based on plotting log molecular weight vs the distance that the protein band of 

interest has migrated relative to the bromophenol dye front in the SDS-PAGE gel. 
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Fig 3.11 Recombinant expression of putative PfGrx1 in 2XYT media at 20⁰C induced with 0.2 
mM IPTG for 16 hours. Bacterial lysates from one colony culture were run on 10% Tris-tricine 
reducing SDS-PAGE gel stained with Coomassie Blue. Lane 1, Molecular Weight Marker; Lanes 2 
and 3 were loaded with 5 µL uninduced and induced samples; Lane 4, blank; while Lanes 5 and 6, 
and Lanes 7 and 8 with increased concentrations of 8 and 10 µL, respectively. The arrow on the 
indicates the size of PfGrx1. 

3.2.16 The effect of copper on the growth of bacterial expressing PfGrx1  

The host bacteria were grown in 2xYT media at 20°C for 16 hours, and       

0.5 mM copper was added at the same time IPTG was added to induce expression 

and compared to the identical culture without copper. There was no significant 

difference in the intensity of the PfGrx1 band between the lysate of samples grown 

with and without copper (Fig 3.12).  

 

Fig 3.12 Expression of recombinant PfGrx1 in 2xYT media induced with 0.2 mM IPTG at 20°C 
for 16 hours. PfGrx1 expressed in the presence or absence of 0.5 mM copper in E. coli BL 21 pLysS 
cells were analyzed on 10% reducing Tris-tricine SDS-PAGE gel and stained with Coomassie brilliant 
blue G250. Lane 1, molecular weight marker; Lane 2, E. coli lysate without the plasmid; uninduced 
and induced samples grown in the absence and presence of copper were loaded in Lanes 3 and 4, 
and Lanes 5 and 6, respectively. 
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3.2.17 Expression, purification, and western blot analysis of recombinant 

PfGrx1 

Following the expression of rPfGrx1, the protein was affinity purified utilizing 

the TALON affinity resin. The rPfGrx1 was eluted using 500 mM imidazole, and a 

~12 kDa protein band was identified in lanes 10 and 11 (Fig 3.13, A). 

Circumsporozoite (CSP) protein was included in lane 14 as a control. Fig 3.13, B, is 

nitrocellulose stained with Ponceau-S showing a successful western blot transfer 

with the protein of interest indicated by an arrow on the right side of the gel. To 

correctly identify the affinity purified rPfGrx1, the western blot was probed with 

mouse anti-His and goat anti-mouse antibodies. Both rPfGrx1 and CSP were 

detected using ECL in lanes 10 and 14, respectively (Fig 3.13, C). However, for 

unknown reasons, there was no signal in the lanes loaded with induced lysate, 

supernatant, and unbound protein where the protein of interest was expected to be. 

The nitrocellulose in Fig 3.13, D was viewed by incubating it with 4-chloro-1-naphthol 

for 30 min. The CSP band in lane 14 shows a more intense band compared to that of 

rPfGrx1 in lane 10 (Fig 3.13, D). 

 

Fig 3.13 SDS-gel and Western blot analysis of recombinantly expressed and purified 
PfGrx1 in pET100/D-TOPO expression plasmid. Samples from the expression of rPfGrx1 at 
20°C, induced with 0.2 mM IPTG for 16 hours were affinity purified and electrophoresed on 
10% Tris-tricine SDS-PAGE and stained with Coomassie brilliant blue G250 in (A), and (B) 
indicates nitrocellulose stained with Ponceau-S after the western blot transfer. A. Lane 1, 
molecular weight marker; Lane 2, uninduced bacterial lysate; Lane 3, induced bacterial lysate, 
Lane 4, pellet; Lane 5, unclarified supernatant; Lane 6, flow-through; Lane 7- 8, wash 
fractions; Lane 9-12, eluted fractions; Lane 13, Blank; Lane 14, Circumsporozoite protein 
(CSP) (used as a positive control because it His tagged). C. and D. show nitrocellulose with 
samples loaded in (A) and (B) and then viewed with ECL and 4-chloro-1-naphthol, 
respectively. The arrow in A, B, and D shows the size of the purified and transferred rPfGrx1. 
In C, the arrow above 20 kDa and one between 30 and 100 kDa indicate the size of CSP. 
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3.2.18. Growth of E. coli BL21 (DE3) pLysS cells and those expressing rPfGrx1 

in the absence and presence of copper 

According to Salman et al., 2023, the growth of E. coli BL 21 (DE) pLysS cells 

is inhibited in the presence of 8 mM copper. However, bacteria harboring plasmids 

that express copper-binding proteins, grow in the presence of lethal concentrations 

of copper due to the protein’s ability to bind copper. To establish whether rPfGrx1 

binds copper and helps the growth of the bacteria, E. coli BL 21 (DE3) without and 

with the plasmid expressing the rPfGrx1 were grown in the absence or presence of 

copper (8 mM), and growth was monitored at OD600 for 16 hours. In Fig 3.14 A, the 

growth of E. coli cells was halted in the presence of copper (8 mM). E. coli 

expressing rPfGrx1 showed 0.330 higher OD600nm value compared to the E. coli 

without the rPfGrx1 grown in the 8 mM copper-enriched media (Fig 3.14 B) and 

suggests that the protein binds copper and enables bacterial growth. Uninduced and 

induced E. coli cells with rPfGrx1 grown in the absence of copper indicated a 

marginal difference showing there was exponential growth of the bacteria (Fishov et 

al., 1995). Induced E. coli expressing rPfGrx1 and grown in the presence of copper 

(8 mM) grew marginally better than the uninduced E. coli carrying rPfGrx1, showing 

that the expression of the protein helped the bacteria grow.  

 

 

 

Fig 3.14 Effect of copper on the growth of E. coli BL 21 (DE3) pLysS cells and those 
expressing rPfGrx1. A. The E. coli cells were grown in the absence (deep blue and red lines 
indicating uninduced and induced cultures respectively), and presence of copper (8 mM) (yellow and 
grey signifying uninduced and induced cultures) at 20⁰C for 16 hours, after being induced with 0.2 mM 
IPTG.  B. The E. coli cells expressing rPfGrx1 were grown using the conditions in (A). Uninduced and 
induced cultures in the absence of copper are represented in blue and orange lines respectively, 
while in the presence of copper, they are represented by light blue (induced) and grey (uninduced) 
lines. Arrows in A and B indicate the addition of copper and IPTG to the growth media. The 
absorbance readings in both A and B were monitored at OD600 nm. 
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3.2.19 Inhibition of copper-catalyzed oxidation of ascorbic acid by rPfGrx1 

expressed without copper and isolated without/with DTT 

Jiang et al., 2005 reported that oxidation of ascorbate occurs in the presence 

of Cu (I) and is followed by a decrease in absorbance at 255 nm over 300 s.  rPfGrx1 

was expressed without copper and isolated without or with DTT, then followed by 

determining its ability to bind copper in the ascorbic acid oxidation assay over 300 s 

at 255 nm (Fig 3.15 A and B). DTT is widely used to prevent oxidation of thiol groups 

(Cleland., 1964). Ascorbic acid alone or with rPfGrx1, BSA, and EDTA did not 

change the ascorbate oxidation over 300 s at 255 nm. Adding copper to ascorbic 

acid caused a 0.55 decrease in absorbance units (Fig 3.15 A). The oxidation reaction 

was inhibited by rPfGrx1 showing that the protein bound copper (Fig 3.15 A). rPfGrx1 

isolated with DTT had the same effect on the assay as the protein isolated without 

DTT. However, rPfGrx1 + DTT had a small effect on the ascorbate oxidation without 

copper (Fig 3.15 B). The BSA control showed (0.274 absorbance units) more 

inhibition of the oxidation of ascorbate than the recombinant protein either isolated 

without or with DTT (Fig 3.15 A and B), suggesting that BSA binds copper. BSA 

which has been shown to bind copper (Alhazmi et al., 2023), was used as a positive 

control in the experiment. 

 

 

Fig 3.15 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of 
rPfGrx1 isolated from bacteria grown without Cu and isolated without/with DTT (10 
mM). 120 µM Ascorbic acid (H

2
Asc) was prepared and titrated to pH 4.5; 8 µM CuCl

2
 was 

added to H
2
Asc solution. A. rPfGrx1 (5 µM), BSA (5 µM), or EDTA (5 µM) were added to 

CuCl
2
/H

2
Asc solution. B. rPfGrx1 + DTT was treated as in A including controls (BSA and 

EDTA). The rate of ascorbic acid oxidation by copper in both A and B was measured for 300 
s. The dotted line in (B) separates the reaction for PfGrx1 (blue) and EDTA (yellow) 

3.2.20 Inhibition of copper-catalyzed oxidation of ascorbic acid by rPfGrx1 

expressed in the presence of 0.5 mM of copper and isolated without/with 10 

mM DTT 

The binding of copper to a recombinant protein was assessed in the 

ascorbate assay using rPfGrx1 expressed in the presence of 0.5 mM copper and 
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isolated without/with DTT. Ascorbate alone or with rPfGrx1 + CuCl2, BSA, and EDTA 

had little effect on the ascorbic acid oxidation at 255 nm. A decrease of 0.55 

absorbance units was observed when CuCl2 was added to ascorbate at 255 nm. No 

inhibition of the ascorbic acid oxidation was observed in the presence of rPfGrx1 

expressed in the presence of copper (Fig 3.16 A), suggesting that the recombinant 

protein had bound copper in the host bacteria and not in the assay. rPfGrx1 

expressed with copper and isolated with DTT showed similar results to the protein 

isolated without DTT (Fig 3.16 B). As earlier described in 3.4.2, BSA in Figure 3.16 A 

and B indicated more inhibition of the ascorbate acid than the recombinant proteins. 

 

 

Fig 3.16 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of 
PfGrx1 expressed with Cu (0.5 mM) and isolated without/with DTT (10 mM). 120 µM 
Ascorbic acid (H

2
Asc) was prepared and titrated to pH 4.5; 8 µM CuCl

2
 was added to H

2
Asc 

solution. In A. rPfGrx1 + Cu (5 µM), BSA (5 µM), or EDTA (5 µM) were added to CuCl
2
/H

2
Asc 

while in B. rPfGrx1 + Cu + DTT (5 µM), was added to the copper (II) Chloride/Ascorbate 
solution including the controls as mentioned in A. The rate of ascorbic acid oxidation by CuCl

2
 

was measured for 300 s both in A and B. 

3.2.21 Measuring binding of copper to rPfGrx1 using bicinchoninic acid (BCA) 

copper release assay 

The rPfGrx1 expressed without copper but isolated with/without DTT was 

purified and evaluated for its potential to bind copper in the BCA release assay. 

CuCl2 alone was observed to have the highest absorbance reading in the presence 

of ascorbic acid (solid bars) (Fig 3.17). BSA alone did not show much increase in 

absorbance at 354 nm in the absence (open bars) or presence (solid bars) of 

ascorbic acid compared to BSA that was incubated with Cu.  Identical readings at 

354 nm are observed when the recombinant proteins (rPfGrx1 + DTT and rPfGrx1) 

are analyzed alone or incubated with Cu (II).  Fig 3.17, shows that both rPfGrx1 

isolated with and without DTT, bound more copper when the proteins were incubated 

with reduced copper (I) compared to when the proteins were incubated with copper 

(II) [P≤0.05, and P≤0.05, respectively]. There was no difference between the copper 

bound to rPfGrx1 with or without DTT (P>0.05), meaning that DTT made little 
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difference in the ability of the rPfGrx1 to bind copper (Fig 3.17). In instances where 

copper (II) chloride is incubated with ascorbate before being incubated with PfGrx1 

isolated with or without DTT, the results with and without ascorbate would be 

expected to be the same because copper (I) is bound to the protein. The oxidation 

state of the bound copper to the recombinant proteins was found to be copper (I).  

 

Fig 3.17 Binding of copper to PfGrx1 isolated with/without DTT in-vitro determined by the BCA 
copper release assay. 10 µM affinity-purified PfGrx1 + DTT or PfGrx1 was incubated with copper II 
chloride with/without ascorbate. Excess copper from the incubation step was removed using the spun 
column, and the protein solution was treated with TCA. Copper was detected without (open bars) or 
with (solid bars) ascorbate. The experiment was performed in duplicate readings, plotting the average 
readings as shown in the bar graph. The experiment included BSA as a control. The data presented 
are mean ± SD of a duplicate. *, **, ***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 0.0001, 
respectively, as determined by the student’s t-test. The ‘ns’ stands for ‘non-significant’. 

3.2.22 An efficient method (Spin gel filtration) of removing copper from the 

Solution  

Before the BCA release assay, the protein was incubated with copper, and 

any unbound copper was removed with a gel filtration spun column step. 

Bicinchoninic acid (BCA) release assay involves copper release from the protein with 

trichloroacetic acid (TCA), and Cu (I) is detected with the BCA reagent. To confirm 

the removal of copper, a 2 mL solution containing 5 mM of copper was passed 

through 1 mL, 3 mL, and 10 mL gel filtration columns. Fig 3.18, A indicates that 

minimal copper was eluted from three columns. Therefore, most of the copper was 

trapped in the columns, suggesting that the 1 mL column was sufficient to remove 

copper, and increasing the volume of the column did not distort the results obtained 

from the 1 mL gel filtration column. The gel filtration removed copper from the 
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solution and therefore there was no remaining copper to interfere with the BCA 

release experiment. 

 

Fig 3.18 Determination of copper in eluents from spun columns of various volumes. A. CuCl2 
solution was eluted from spin columns of 1, 3, and 10 mL, the absorbance of the eluent from each 
column was measured at 354 nm, and readings presented in bar charts. B. The amount of CuCl2 in 
the eluent from various columns in percent (%). *, **, ***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, 
and P≤ 0.0001, respectively, as determined by the student’s t-test. The ‘ns’ stands for ‘non-significant’   

3.2.23 Measuring of in-vivo binding of copper to rPfGrx1 by bicinchoninic acid 

(BCA) copper release assay 

The potential of rPfGrx1 to bind copper intracellularly was assessed by 

expressing the recombinant protein in the presence of 0.5 mM copper (II) chloride, a 

concentration that is non-lethal to the E. coli bacteria carrying the plasmid expressing 

the protein. The protein was either isolated without or with DTT from the E. coli 

bacteria and then affinity purified. Before the isolation and purification, the host E. 

coli bacteria grown in copper-enriched media was washed to remove the extra 

copper. The in-vivo binding of copper to rPfGrx1 + Cu and rPfGrx1 + Cu + DTT was 

determined by BCA-release assay. This involved the formation of Cu(I)-BCA complex 

after the proteins released copper following the addition of trichloroacetic acid (TCA). 

The absorbance was measured at 354 nm in alkaline conditions. Copper alone had 

the highest absorbance readings in the presence of ascorbic acid (solid bars) (Fig 

3.19). BSA alone did not indicate a significant increase in absorbance in the absence 

(open bars) or presence (solid bars) of ascorbic acid. However, BSA incubated with 

Cu (II) without a reducing agent ascorbate showed that it binds both Cu (I) and (II). 

Fig 3.19 showed that both rPfGrx1 + Cu and rPfGrx1 + Cu + DTT bound copper (I) 

in-vivo and there was no significant difference in the copper levels bound to the 
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protein isolated with or without DTT (P>0.05). The reason for this suggestion is that 

Cu exists as Cu (I) inside the cells and bound to the protein during expression. 

 

Fig 3.19 Binding of copper to PfGrx1 + Cu or PfGrx1 + Cu + DTT in-vivo determined by the BCA 
copper release assay. 10 µM affinity-purified PfGrx1 + Cu or PfGrx1 + Cu + DTT was grown with 
copper II chloride (0.5 mM) and treated with trichloroacetic acid (TCA). Copper was detected without 
(open bars) or with (solid bars) ascorbate. The experiment was performed in duplicate, and the 
average is presented in the figure above. The data presented are mean ± SD of a duplicate. *, **, ***, 
and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 0.0001, respectively, as determined by the 
student’s t-test. The ‘ns’ stands for ‘non-significant’. 

3.2.24 Measuring in-vitro copper binding to rPfGrx1 with previously bound 

copper using bicinchoninic acid (BCA) copper release assay 

The rPfGrx1 that was expressed in the presence of 0.5 mM copper and 

isolated without/with DTT was subjected to an in-vitro test of its ability to bind copper 

using the BCA release assay (Fig 3.20). As before, copper alone which was included 

as a control showed higher absorbance readings when measured at 354 nm in the 

presence of ascorbate (solid bars). BSA alone had reduced readings when 

measured in the absence (open bars) or presence (solid bars) of ascorbic acid, while 

an increase in absorbance was observed when BSA was incubated with copper (II) 

in the absence of the reducing agent. The oxidation state of the bound copper was 

determined by the absence (open bars) and presence (solid bars) of ascorbic acid. 

rPfGrx1 + Cu and rPfGrx1 + Cu + DTT did not show a significant increase of bound 

copper after incubation with copper (II) without ascorbic acid, however, both 
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indicated an increase in the bound copper levels after incubation with reduced 

copper (P≤0.05 and P≤0.05 respectively) (Fig 3.20). This finding suggests that 

rPfGrx1 prefers to bind copper(I) both in-vivo and in-vitro. There were no significant 

differences in the bound copper levels to the protein isolated with or without DTT 

(P>0.05).  

 

 
Fig 3.20 Binding of copper to PfGrx1 + Cu or PfGrx1 + Cu + DTT in-vitro determined by the 
BCA copper release assay. 10 µM affinity-purified PfGrx1 + Cu or PfGrx1 + Cu + DTT was 
incubated with copper II chloride with/without ascorbate. Excess copper from the incubation step was 
removed using a spun column, and the protein solution was treated with TCA. Copper was detected 
without (open bars) or with ascorbate (solid bars). The experiment was performed in duplicate, 
plotting the average readings as shown in the bar graph. BSA was included as a control. The data 
presented are mean ± SD of a duplicate *, **, ***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 
0.0001, respectively. This is determined by the student’s t-test. The ‘ns’ stands for ‘non-significant’. 

 

3.2.25 Inhibition of copper-catalyzed oxidation of ascorbic acid by rPfGrx1 

eluent 

The affinity-purified rPfGrx1 + Cu and rPfGrx1 + Cu + DTT were incubated 

with Cu (II) in the absence or presence of a reducing agent. Gel filtration to remove 

excess copper from the recombinant proteins was performed, followed by the 

determination of the effect of the eluent on the copper-catalyzed ascorbic oxidation 

was analyzed at 255 nm. Ascorbate alone yielded stable absorbance readings for 

300s. This was followed by the addition of copper to ascorbic acid, and a large 

decrease in the oxidation of ascorbate was observed. In Fig 3.21, the eluent in A, B, 

C, and D did not inhibit the ascorbic acid oxidation. This finding suggests that the 

protein had already copper bound to it and thus, did not chelate copper in the 
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solution (CuCl2/H2Asc). The eluent was subjected to the BCA release assay which 

measured the amount of copper that was bound to the protein (Fig 3.21). 

 

 
Fig 3.21 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of 
protein solution that was eluted from the gel filtration column. 120 µM ascorbic acid 
(H2Asc) was prepared and titrated to pH 4.5; 8 µM CuCl2 was added to H2Asc solution; A. 
PfGrx1 expressed with Cu and isolated with DTT was added to CuCl2 which was reduced 
using 10 mM ascorbic acid and passed through gel filtration column as described earlier. B. 
The protein in (A) was added to CuCl2 in the absence of ascorbic acid and then gel filtrated C. 
PfGrx1 isolated without DTT was added to CuCl2 after reduction with 10 mM ascorbic acid 
followed by gel filtration D. Protein in (C) was incubated with oxidized copper and gel filtrated. 

3.4 Discussion 

3.4.1 Introduction 

The Plasmodium falciparum depends on copper for its development, as 

chelation of copper in growth media stops parasite development from the ring to the 

trophozoite stage (Rasoloson et al., 2004). Copper-binding proteins play an 

important role in copper homeostasis and are possible targets for developing novel 

drugs to combat malaria. Choveaux et al., 2012, demonstrated the potential role of 

PfCtr1 in the copper acquisition by the parasite, and Rasoloson et al., 2004, 

highlighted the role of PfCuATPase in copper efflux from the parasite. This section 

describes the identification of Plasmodium falciparum Glutaredoxin 1 and the copper 

binding characteristics of the recombinant protein using different approaches.  
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3.4.2 Identification of Plasmodium falciparum copper-binding proteins using 

bioinformatic tools 

Our findings from the search of the PlasmoDB 

(https://plasmodb.org/plasmo/app, accessed on 7th June 2023) for copper-binding 

proteins identified some new proteins (PfGrx1, CMC1, CoA5, DMT1, CutA, and 

PfPIC) including the 12 already identified by Choveaux et al., 2012 (Table 3.1). 

Plasmodium falciparum Glutaredoxin 1 (Table 3.1) belongs to a group of enzymes 

that reduce protein thiols and participate in the removal of free radicals. Bacterial 

Glutaredoxin 1 with a CXXC motif has been demonstrated to bind silver ions 

(Bilinovich et al., 2021). Previously, glutaredoxins from bacteria and humans with 

CPYC motifs have been shown to bind copper and mercury (Brose et al., 2014, 

Maghool et al., 2020). Therefore, the identification and characterization of PfGrx1 in 

the present study are important due to the role the protein might play in the cytosolic 

distribution of copper. 

Among the 12 proteins, was Plasmodium falciparum S-adenosylhomocysteine 

hydrolase (SAHH) which has been identified to be a potential anti-malarial drug 

target (Singh et al., 2016). SAHH from the mouse was determined to have a role in 

copper and sulfur amino acid metabolism (Bethin et al., 1995). In the malaria 

parasite, PfSAHH's role in copper metabolism has not been elucidated, making the 

current work on this protein necessary. Other copper-binding proteins (PfCtr1, 

PfCox17, PfSco1, PfCox11, and PfCox19), may have a potential role in the 

acquisition, cytosolic and mitochondrial distribution of copper (Choveaux et al., 2012, 

Choveaux et al., 2015, Salman et al., 2022; 2023). Many of the proteins that have 

been curated with a ‘Go copper-binding term in PlasmoDB have not been 

characterized, however, in this laboratory, five copper-binding proteins have been 

characterized (Choveaux et al., 2012, 2015, Salman et al., 2022, 2023, Munsami., 

2022). The information about each protein in Table 3.1 can be accessed using 

protein identifiers on the PlasmoDB website (https://plasmodb.org/plasmo/app).  

3.4.3 In-silico Identification of Plasmodium falciparum Glutaredoxin 1 (PfGrx1) 

Extensive analysis of sequences from six organisms (plant, yeast, protozoa, 

mouse, and human) (Fig 3.1 A) revealed some common features for PfGrx1. The 

notable feature is the CXXC motif which has an affinity for copper (Brose et al., 

2014, Xiao et al., 2011, Sun et al., 1998). The alignment of five Grx1 amino acid 

sequences from human malaria species showed a conserved CXXC motif in all the 

sequences (Fig 3.1 B). The results may indicate that this copper-binding motif is 

important because it is conserved in many organisms (Bacteria, rats, and humans), 

and has been shown to bind copper (Cater et al., 2014, Aon-Bertolino et al., 2011, 

Xiao et al., 2019). Another feature worth noting is the serine residue which is 

observed to be present in Plasmodium falciparum Glutaredoxin 1 (Fig 3.1 B) and 19 

other Plasmodium falciparum isolates (Fig 3.2). In humans, M. musculus, and B. 

taurus, glutamine replaces serine, while S. cerevisiae has arginine in that position. T. 

parva and A. thaliana have a deletion like the four Plasmodium species (P. vivax, P. 

Knowlesi, P. malariae, and P. ovale). The importance of this serine residue is not well 

known, however, Strader et al., 1989 identified two serine residues involved in 

agonist activation of β-adrenergic receptors. In this regard, this residue may promote 
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molecular interaction with other proteins. The analysis shows that the serine residue 

is present in Plasmodium falciparum but absent in multiple species, suggesting that, 

the amino acid residue might not have a clear function. The Grx1 amino acid 

sequences from humans, mice, and monkeys all have a conserved copper-binding 

motif (Fig 3.3), which indicates that the motif is important in various organisms. 

The PfGrx1 has 3 predicted acetylation sites compared to other human 

infecting species that have 1 each (Fig 3.1), while the rest of the amino sequences 

from yeast, humans, and plants are without these sites (Fig 3.1). No ubiquitination 

sites were present in all the sequences analyzed, though these sites are important in 

aiding the protein's degradation, localization, and kinase activation (Guo and Tadi., 

2020). What is not known is why these sites might be missing in these Grx1 amino 

acid sequences. It is documented that aberration in the ubiquitin system may breed 

diseases as explained by Ciechanover et al., 2004). Therefore, the degradation of 

proteins keeps them in normal quantities, it may be suggested that there are other 

degradative processes that the protein from the multiple species in Fig 3.1 is 

subjected to. 

There is no published data found during this study regarding the ability of 

PfGrx1 to bind copper while HsGrx1 has been demonstrated to bind copper through 

a CXXC motif and to interact with Atox1 and ATP7B Metal Binding Domains 5-6 

(MBDs) (Maghool et al., 2020). Models of crystal structures belonging to PfGrx1 and 

HsGrx1 were compared using superimposition in PyMoL producing an RMSD-

generated value that was less than 2Å which indicated a similarity between the two 

models (Fig 3.4 C) (Kufareva et al., 2012). The 6 extra amino acid residues that 

appear as a loop in the PfGrx1 model are absent in the HsGrx1 model. Rahlfs et al., 

2001 reported a 111 amino acid residues-long PfGrx1 protein with a CXXC that 

indicates glutathione-dependent glutaredoxin activity. The PfGrx1 model structure’s 

similarity to HsGrx1 could suggest similar roles of having the potential to bind copper 

and provide an alternative pathway for copper movement from the entry point to 

PfCuATPases (Maghool et al., 2020). 

Our results identified that the copper-binding motif is located at amino acid 

residues 29 to 32 and 23 to 26 of the PfGrx1 and HsGrx1 structures, respectively 

(Fig 3.5 A and B). These results are supported by Yogavel et al., 2014, Sun et al., 

1998, and Maghool et al., 2020, which show the presence of a CXXC motif. The 

PfGrx1 was predicted and shown by Kehr et al., 2010, to be found in the cytosol in a 

study on mapping the subcellular localization of Grx1 in Plasmodium falciparum. The 

predicted molecular weight of PfGrx1 using the Protparam program was 12.4 kDa, in 

line with reports from the current study and by Rahlf et al., 2001. The presence of 

PfGrx1 in the cytosol supports its functions regarding cell antioxidant defense and 

copper distribution (Rahlf et al., 2001, Kehr et al., 2010).  

3.4.4 Expression of PfGrx1  in E. coli BL 21 (DE3) pLysS 

There are challenges in cloning a gene for heterologous recombinant 

expression in E. coli. These arise from transcription, translation, and folding in the 

bacterial host cells (Baneyx, 1999). Other problems may arise from the protein's 

coding sequence, which might possess rare codons or have more A+T bases in the 
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coding sequence (Birkholtz et al., 2008). Analyzing the coding sequence in Fig 3.6, 

which was synthesized from a sequence of the genomic DNA by ThermoFisher 

Scientific company, indicated an inclusion of two restriction sites, EcoRI and BamHI, 

respectively. Further, 61.3% A+T bias was observed and slightly above the noted 

A+T bias in the general genome for humans (60%) but below that of the general 

genome belonging to the Plasmodium falciparum at 80.6% (Gardener et al., 2002). 

Other studies (Mehlin et al., 2006; Vedadi et al., 2007) have indicated that this bias 

has little effect on the exogenous expression in Plasmodium sequences. The 

amplification of the coding region highlighted in Fig 3.6 produced a ~640 bp 

amplicon that included the T7 promoter and T7 reverse regions (Fig 3.7). 

Sequencing with colony PCR was not done to confirm an open reading frame (ORF) 

of PfGrx1. However, in-silico analysis of the PfGrx1 plasmid sequence using the 

MendelGene program was done to ensure that the sequence was in an open reading 

framework (ORF) (https://mendelgen.com).  

A restriction endonuclease double digestion of the PfGrx1 pET100/TOPO 

expression plasmid containing an insert flanked by EcoRI and BamHI restriction 

endonuclease sites was performed and yielded a ~366 bp PfGrx1 insert (Fig 3.8). 

This was done to confirm the size of the fragment in the plasmid (Denomme et al., 

2000). Two observations were made from the restriction digestion results; (i) the 

insert was relatively faint, data that can be explained by a small number of base 

pairs of the insert that bind to the intercalating dye, thus, resulting in reduced 

fluorescent yield (Sambrook & Russell., 2001). The concentration of the agarose to 

the fragment of DNA to be resolved also plays a significant role in improving or 

reducing the resolution of the fragment of interest (Denomme et al., 2000, Tamber 

and Hancock., 2001); (ii) the type of buffer in double digestion reaction of the 

plasmid, may have affected the results. It appeared that tango buffer may have 

introduced star activity and, thus, did not produce the desired results compared to 

Tris-HCI/MgCl2 buffer. Based on this observation, it was concluded that the latter 

was suitable for double digestion of the expression plasmid. 

3.4.5 The recombinant expression and purification of rPfGrx1 from E. coli 

BL21(DE3) cells 

Conducting a biochemical analysis is important for establishing the function of 

proteins from various organisms like the Plasmodium parasite (Birkholtz et al., 2008). 

However, isolating enough protein from Plasmodium parasites for such functional 

determination is challenging, thus, E. coli is used to express PfGrx1. The E. coli BL 

21 (DE3) cells were transformed, and five colonies were selected for the expression 

of PfGrx1. When the bacterial growth was analyzed, a marginal difference between 

the growth rates of the uninduced and induced cultures was noted (Fig 3.9). These 

findings do not agree with data on other malaria copper-binding proteins expressed 

previously (Choveaux et al., 2012, 2015, Munsami., 2022, Salman et al., 2022, 

2023), which found a larger difference between the growth of uninduced and induced 

bacteria. The difference in findings could be explained by the variations in expression 

systems that have powerful promoters and burden the host cells metabolically (Glick, 

1995, Sanden et al., 2003, Haddadin and Harcum, 2005). This is due to expression 

difficulties that His-tag proteins come with compared to MBP tagged proteins. 
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Previous lab attempts to use His-tag proteins have been challenging. The addition of 

glucose to the LB growth media in the present study did not make a difference (Data 

not shown).  Interestingly, even when suitable conditions are present, there are 

times, when the E. coli growth patterns may prove to be challenging leading to lack 

of expression. This is in spite of several studies being conducted on this bacterium 

(Baneyx et al., 2004, Sandén et al., 2003, Gill et al., 2000, Sharma et al., 2007).  

The samples generated from the lysis of bacteria in Fig 3.9 showed two bands 

(see the arrows in Fig 3.10) in the induced lanes that were absent in the uninduced 

lanes when run on a reducing 15% Tris-tricine SDS-PAGE gel (Fig 3.10). The protein 

band above 100 kDa was unidentified, while the other was assumed to be  PfGrx1 

due to its absence and presence in the uninduced and induced bacteria, 

respectively, and the size of the recombinant protein 13.4 kDa deduced from the 

band on the gel and predicted from the amino acid sequence. . This finding from the 

present study is like previous results with a molecular weight of 12.4 kDa belonging 

to PfGrx1 (Rahlf et al., 2001). There is a marginal difference between the predicted 

PfGrx1’s molecular weight and one observed on the SDS-PAGE gel; therefore, the 

protein band shows the right size of PfGrx1. Two colonies with similar characteristics 

were selected for subsequent expressions and condition optimization. 

Various factors were optimized to express PfGrx1 protein effectively. Results 

from the use of LB and TB media did not have significant differences in protein 

production, therefore, enriched 2xYT media was used (de Groot et al., 2006). IPTG 

concentration tends to affect protein expression. In our case, 0.5 mM and 1 mM of 

IPTG at 37°C expression temperature, and 4 hours post-induction time were used, 

and the expressed protein was difficult to detect. A change to a lower IPTG 

concentration (0.2 mM) was made as the IPTG concentration is recommended to be 

slightly above the critical concentration, which refers to the concentration below 

which the recombinant protein yield depends on IPTG (Goldberg et al., 1991, 

Papaneophytou et al., 2014). On the other hand, a concentration >5 mM of IPTG 

tends to overburden the host and affect the protein expression, however, between 0 

and 1 mM, less effect on E. coli growth, and cell concentration is observed (Goldberg 

et al., 1991, Harcum et al., 1992). A lower temperature (20°C) and increased post-

induction time (16 hours) were later employed, which contributed to better 

expression and purification of the protein (Fig 3.11). This is because a lower 

incubation temperature attains a reduced rate of protein synthesis, reduced 

aggregation, and degradation of the protein of interest (de Groot et al., 2006, Khow 

et al., 2012). All these factors affect the protein folding and solubility of the 

recombinant protein (Maksum et al., 2023).  

An attempt was made to further improve the PfGrx1 expression, thus, 0.5 mM 

of CuCl2 was added to the growth media, though no significant difference in the 

growth of E. coli cells or rPfGrx1 protein was noted between cultures with and 

without CuCl2 (Fig 3.12). However, copper addition to the E. coli growth media 

increased the yield of the recombinant PfCtr1 (Choveaux et al., 2012). Interestingly, 

metal ions in the media contribute to the increase in the folding rate of a soluble 

protein being expressed, though it was not determined in the present study (Khow et 

al., 2012). The reason for the disparities is not known. What may be true for the 
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PfGrx1 and PfCtr1 is that both may bind copper. The expression and purification 

revealed a ~12 kDa PfGrx1 protein band (Fig 3.13 A and B) which was consistent 

with the recombinant protein recognized by anti-His antibodies during the western 

blot (Fig 3.13 C). These findings are in line with a 12.4 kDa PfGrx1 that was 

determined previously (Ralfs et al., 2001) though it is 4 kDa less than the monothiol 

Glutaredoxin 1 from other parasites like the African trypanosomes (Comini et al., 

2008). 

3.4.6 rPfGrx1 enables E. coli host cells to tolerate toxic copper concentration 

levels 

Copper inhibited the growth of E. coli without the plasmid, however, the 

presence of expressed rPfGrx1 enabled bacterial growth in the presence of 8 mM 

copper and showed that the protein can bind copper in an in-vivo environment (Fig 

3.14 A and B). This agrees with previous studies that have documented the 

protection that copper-binding proteins offer to Methylosinus trichosporium, Bacillus 

subtilis, Lactobacillus plantarum, and E. coli bacteria in the presence of toxic 

concentrations of copper (Vita et al., 2016, Yang et al., 2017, Salman et al., 2023). 

Another notable observation in the present study is that uninduced and induced E. 

coli cells with rPfGrx1 grown without copper indicated a marginal difference showing 

there was exponential/balanced host cell growth (Fishov et al., 1995). The 

experiment was done three times, and results from one experiment were included. 

PfCox19 appeared to bind more copper than PfGrx1 is higher, and therefore bacteria 

expressing the PfCox19 protein had higher growth rates than those observed here 

(Salman et al., 2023).  

3.4.7 Measuring inhibition of copper-catalyzed ascorbic acid oxidation by 

rPfGrx1 expressed without copper and isolated without/with DTT 

The results in Fig 3.15 A show that the copper-catalyzed oxidation was 

inhibited by rPfGrx1 indicating that the protein bound copper. These results align well 

with findings that show that copper-binding proteins with methionine motifs inhibit the 

ascorbate assay and thus, bound copper (Jiang et al., 2005). Furthermore, previous 

studies have determined a similar effect on copper-catalyzed ascorbic acid oxidation 

by other copper-binding proteins (Choveaux et al., 2012, 2015, Salman et al., 2022, 

2023). DTT was added to protect the thiol groups from oxidation, and rPfGrx1 

isolated with DTT had the same levels of copper binding compared to the protein 

isolated without DTT (Fig 3.15 B).  

3.4.8 Measuring inhibition of copper-catalyzed ascorbic acid oxidation by 

rPfGrx1 expressed with 0.5 mM copper and isolated without/with DTT 

The results from the present study show no inhibition of the ascorbic acid 

oxidation in the presence of rPfGrx1 expressed with copper (Fig 3.16 A), suggesting 

that the recombinant protein had bound copper in the host bacteria and not in the 

assay. Although the oxidation state of copper that is bound in bacterial cells was not 

determined in the current study, previous studies have reported that copper is in a 

reduced state inside cells (Davis and O'Halloran, 2008).  Another study has shown 

that in the Plasmodium parasite, there is a similar reducing cytoplasmic environment 

(Krnajski et al., 2001). It was also noted that rPfGrx1 expressed with copper and 
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isolated with DTT showed similar results to the protein isolated without DTT (Fig 3.16 

B). This was because DTT just maintained the reduced state of the thiols (Cleland., 

1964).  

3.4.9 In-vitro rPfGrx1 binding of copper 

The third approach to determining whether rPfGrx1 binds copper was the use 

of a BCA release assay. The protein bound copper (I) in-vitro and the use of DTT in 

the isolation step did not make a difference in the copper levels that were bound (Fig 

3.17). Similar results were obtained from previous copper-binding studies involving 

other copper-binding proteins in bacteria and Plasmodium falciparum (R. 

Sphaeroides Cox11, PfCtr1, PfCox17, PfCox11, PfSco1, and PfCox19 (Thompson et 

al., 2010, Choveaux et al., 2012, 2015, Salman et al., 2022, Munsami et al., 2022). 

In humans, glutaredoxin 1 has been shown to bind copper (I) (Maghool et al., 2020). 

The BCA assay was validated in this laboratory (Salman and Goldring., 2022) where 

it was shown to give identical results to the atomic absorption spectroscopy as 

described by Brener and Harris., 1995.  

3.4.10 Removal of copper from solution using gel filtration 

One of the factors that may affect the BCA release assay is a step that is 

performed to separate the protein-bound copper from unbound copper. Results 

measuring copper at different stages of the experiment showed that the gel filtration 

removed copper from the solution, thus, there was no remaining copper to interfere 

with the BCA release experiment (Fig 3.18 A and B).  An experiment to determine the 

protein recovery rate in the eluents was not conducted, however, studies have 

shown that gel filtration can retain 85-90% of the proteins in the eluent (Nath et al., 

2003, Chonn et al., 1991). The method allows the recovery of the protein in the 

eluent while excess copper is trapped in the gel filtration matrix.  

3.4.11 In-vivo rPfGrx1 binding of copper. 

The rPfGrx1 bound more copper (I) in-vivo than in-vitro, and there was no 

significant difference in the copper levels bound to the protein isolated with or without 

DTT (Fig 3.19). The same in-vivo/in-vitro pattern has been described for PfCox17, 

PfCtr1, and PfCox19 which also established copper (I) binding by these proteins 

within the E. coli bacterial cells (Choveaux et al., 2012, 2015, Salman et al., 2023). 

Copper (I) is preferred for transfer and transport in mammalian and yeast cells (Puig 

et al., 2002, Banci et al., 2004, Carr et al., 2002). This supports the results in the 

current study that reveal the binding of copper (I) as the preferred metal ion.  When 

copper was added to the recombinant protein that previously bound copper in vivo, 

minimal copper bound to the protein (Fig 3.20). This data suggests that rPfGrx1 

bound copper (I) better in E. coli cells as established with a study of PfSco1 

(Munsami., 2022). To further support the idea that rPfGrx1 bound copper in-vivo, the 

affinity-purified rPfGrx1 + Cu and rPfGrx1 + Cu + DTT were incubated with Cu (II) in 

the absence or presence of a reducing agent. Gel filtration to remove excess copper 

from the recombinant proteins was performed, followed by the determination of the 

effect of the eluent on the copper-catalyzed ascorbic oxidation was analyzed at 255 

nm. Results from this experiment indicated non-inhibition of the copper-catalyzed 
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oxidation of ascorbic acid, confirming that the protein bound copper (I) within E. coli 

cells and that binding was close to saturation. 

3.4.12 Conclusion 

The in-silico analysis of rPfGrx1 using bioinformatic tools in the current study, 

generated results that showed that rPfGrx1 has a CXXC copper-binding motif like 

the one present in human glutaredoxin 1, and the motif is thought to be involved in 

the binding of copper. Further, the PfGrx1 is predicted to be in the cytosol, data that 

tallies well with the functions of the protein. The protein was then expressed, purified, 

and subjected to copper-binding studies by, analyzing the tolerance of E. coli cells 

towards high concentrations of copper, conducting experiments on the inhibition of 

copper-catalyzed ascorbic acid oxidation, and lastly by using a BCA release assay. 

All three approaches used to determine the copper binding ability of rPfGrx1 

indicated the protein binds copper (I) both in-vivo and in-vitro. The findings in the 

current study are to the best of our knowledge the first to report on the copper-

binding abilities of Grx1 from the Plasmodium parasite.  
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Chapter 4 

The Plasmodium spp. Putative S-adenosylhomocysteine hydrolase: 

bioinformatic studies, recombinant protein expression and copper binding 

studies with Plasmodium falciparum S-adenosylhomocysteine hydrolase 

4.1 Introduction 

This chapter characterizes the S-adenosylhomocysteine hydrolase using 

bioinformatics tools, protein expression, and copper-binding assays. Copper has 

various functions in the cells, e.g. the functionality of the electron transport chain 

depends on the presence of copper which is supposed to be acquired and 

distributed by copper-dependent proteins. However, many proteins are yet to be 

characterized. SAHH has been found to bind copper and play a role in the 

intracellular distribution of copper in rats (Creedon et al., 1993). Therefore, PfSAHH 

might play a similar function, hence, its characterization. 

4.2 Results 

4.2.1 Identification of Plasmodium falciparum S-adenosylhomocysteine 

hydrolase (PfSAHH) in PlasmoDB 

Following the identification of PfSAHH from the Plasmodatabase, the protein 

sequence was aligned with the amino acid sequence of SAHH from six organisms 

(Fig 4.1 A). A putative copper-binding GYGDVGKG (GXGXXGXG) region was noted 

in the amino acid sequences of all six organisms. B. bovis and T. annulata are longer 

than the rest of the amino acid sequences in the alignment each having 491 and 

489, respectively because of the insertion of 43 amino acid residues in their 

sequences (Fig 4.1 A). M. musculus and H. sapiens have the shortest sequences 

due to the deletions of about 73 amino acid residues. The PfSAHH sequence has 

479 amino acid residues with a GXGXXGXG motif like the rest of the sequences 

from the six organisms. The blue line indicates the NAD binding site on the PfSAHH 

sequence. Amino acids 201, 202, 203, 235, 287, 322, 343, 391, 473, and 477 are 

reported to be involved in the interaction with NAD/H using hydrogen bonds, while 

residues 268, 288, and 320 of the PfSAHH structure interact with NAD/H through 

hydrophobic bonds (Singh et al., 2016). There is an average of 25.37% sequence 

identity among the amino acid sequences.  

4.2.2 Analysis of amino acid sequences for Human Plasmodium spp  

In Fig 4.1 B, four out of five Plasmodium species that infect humans have a 

conserved copper-binding GYGDVGKG (GXGXXGXG) motif while that for 

Plasmodium vivax has a GFGDVGKG motif where a phenylalanine residue replaces 

the tyrosine due to a single base Adenine (A) for Uracil (U) substitution in the 3´ 

bases. The alignment of 20 Plasmodium falciparum isolates SAHH amino acid 

sequences showed 100% identity in the GYGDVGKG motif (Fig 4.2). Fig 4.1 B 

shows an average of 81.06% amino acid identity among the Plasmodium species 

that infect humans. 
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Fig 4.1 Amino acid sequence alignments of Plasmodium falciparum S-
adenosylhomocysteine hydrolase (PfSAHH, P50250) with the SAHH orthologs present 
in different species. A. Plasmodium falciparum S-adenosylhomocysteine hydrolase 
sequence was aligned with SAHH from A. thaliana (Q23255), S. cerevisiae (P39954), M. 
musculus (P50247), and H. sapiens (P23526), B. bovis (A7AW30), and T. annulata 
(Q4UCR8). B. Sequence alignments of Plasmodium falciparum (PF3D7_0520900.1), P. ovale 
(POWCR01_100016100), P. vivax (PVP01_1013000), P. knowlesi (PKNH_1012000), P. 
malariae (PmUG01_10023700) that infect humans. The alignments were conducted using 
ClustalW (Thompson et al., 2003). The boxes in (A) and (B) indicate the conserved copper 
binding GYGDVGKG (GXGXXGXG) motif. The blue line in A shows the NAD/H binding site. 
Conserved residues are indicated by *, while: represents a conserved and . indicates a semi-
conserved amino acid substitution. 
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Fig 4.2 Alignments of amino acid sequence of SAHH from 20 Plasmodium falciparum isolates 
identified in PlasmoDB. A section of amino acid sequences of SAHH from 20 Plasmodium 
falciparum isolates were aligned using ClustalW (Thompson et al., 2003). The box indicates the 
conserved GYGDVGKG motif. All the amino acid residues indicated by * are conserved among the 
Plasmodium falciparum isolates.  

4.2.3 An assessment of the sequence alignment of Plasmodium species that 

infect humans, mice, birds, and monkeys 

The amino acid sequences of SAHH belonging to Plasmodium spp which 

infects humans, mice, birds, and monkeys were identified in PlasmoDB. Seventeen 

species were aligned, and Fig 4.3 shows a conserved GYGDVGKG (GXGXXGXG) 

motif in 12 species while five species all of Plasmodium vivax origin showed a 

GFGDVGKG (GXGXXGXG) region indicated by a small box within a large one (Fig 

4.3). The difference in the motifs is due to what is stated in 4.1.1. 

 

Fig 4.3 Alignments of amino acid sequence of SAHH from 17 Plasmodium spp selected 
from PlasmoDB. A section of the amino acid sequence of SAHH from 17 Plasmodium spp 
that infect humans, mice, birds, and monkeys were aligned using ClustalW (Thompson et al, 
2003). The large and small boxes indicate conserved copper binding GYGDVGKG and 
GFGDVGKG (GXGXXGXG) motifs, respectively. Conserved Residues are indicated by *, 
while: represents a conserved and . indicates a semi-conserved amino acid substitution. 
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4.2.4 Selection of immunogenic PfSAHH peptides 

Martin et al., 2009a report that a protein-specific antibody approach is 

recommended in the structural comparison between the recombinant and the native 

proteins (Martin et al., 2009a). To achieve this, peptides from the PfSAHH sequence 

were identified and selected using the Predict7 program (Carmenes et al., 1989). 

The following peptides were identified after an analysis of PfSAHH by Predict7; 

“MVENKSKVKD”, a peptide that ranges from amino acid residue 1 to 10, 

“QMEISENEMPGLMRIREEYGKDQPLKNAKIT” (20-50) (Fig 4.4). When the two 

peptide sequences were subjected to a BLASTp search against Plasmodium, Homo 

sapiens, Trypanosoma, Mus musculus, and Toxoplasma proteomes, no significant 

matches were observed (data not shown). This implies that antibodies generated 

from these peptides would be specific to the PfSAHH protein and will not recognize 

any other protein from the four organisms. This computational analysis was done 

with the intention to generate peptides which could be coupled to a carrier and used 

for the generation of anti-peptide antibodies. Unfortunately, this experiment was not 

conducted. 

 

 

Fig 4.4 Prediction of immunogenic epitope for Plasmodium falciparum S-
adenosylhomocysteine hydrolase. A. The flexibility, hydrophilicity, and surface probability 
for the PfSAHH protein sequence were plotted on the horizontal axis for the PfSAHH protein 
sequence, with the yellow line indicating the peptide with amino acid residues from 20 to 50. 
B. 20-50 peptide on the surface of PfSAHH. 



81 
 

4.2.5 Prediction of PfSAHH transmembrane spanning regions 

DTU-TMHMM server v 2.0 was used to predict whether PfSAHH has any 

transmembrane regions (Kahsay et al., 2005). The findings show the protein is in the 

cytosol with no transmembrane-spanning regions (results not shown). There is a 

possibility of the protein being present in organelles, but the analysis did not predict 

organelle location. The prediction probability of occurrence of the transmembrane is 

above 1.  

4.2.6 Analyses of the predicted domains, motifs, and other features of PfSAHH 

Using the Simple Modular Architecture Research Tool (SMART software) 

(Letunic et al., 2004), domains belonging to PfSAHH were predicted. Fig 4.5 A shows 

the AdoHcyase domain responsible for modulating the activity of different 

methyltransferases. Another domain of importance is the AdoHcyase_NAD, 

characterized by the glycine-rich region implicated in the NAD binding, which makes 

the enzyme active (Fig 4.5 B and D). The 2-Hacid_dh_c domain is a NAD-dependent 

2-hydroxy-acid dehydrogenase that is specific to the D-isomer of its substrate (Fig 

4.5 D). IIvN domain of PfSAHH in Fig 4.5 D is related to one found in Ketoacid 

reductoisomerase which catalyzes the conversion of acetohydroxy acids into 

dihydroxy valerates in the second step of the biosynthetic pathway for the essential 

branched-chain amino acids such as valine, leucine, and isoleucine. 

 

 

Fig 4.5 Predicted domains, motifs, and features of PfSAHH. SMART annotation of PfSAHH 
protein. A. AdoHcyase domain B. AdoHcyase_NAD domain C. Domains of PfSAHH and their 
positions, and confidence of prediction. D. other features predicted by SMART software (Letunic et 
al., 2021).  

4.2.7 Comparison between the PfSAHH and HsSAHH crystal structures using a 

layover method in PyMOL 

The PfSAHH (Fig 4.6 A) and HsSAHH (Fig 4.6 B) crystal structures were 

selected from the UniProt database (Tanaka et al., 2004, Yang et al., 2003) and 

visualized using PyMOL (http://www.pymol.org/mol). Fig 4.6 C shows an overlay of 

PfSAHH and HsSAHH. The HsSAHH has 47 of its amino acid residues deleted 

compared to the PfSAHH structure (Fig 4.7 and 4.8). The differences in the structure 
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are indicated by a box (Fig 4.7 A) and the same segment is colored red in Fig 4.7 B. 

This indicates a 10% difference between the HsSAHH and PfSAHH amino acid 

sequences.  

 

 

Fig 4.6 Chain A of PfSAHH and HsSAHH structures. A. PfSAHH structure (Tanaka et al., 2004) 
and (B). HsSAHH structure (Yang et al., 2003) obtained from protein data bank (PDB) 
(https://www.rcsb.org) C. An overlay structure of (A) and (B) superimposed using PyMOL software 
(http://www.pymol.org/pymol) 

 

 

Fig 4.7 Overlay of PfSAHH and HsSAHH structures. A. An overlay structure (PfSAHH (Tanaka et 
al., 2004) and HsSAHH (Yang et al., 2003) obtained from PDB) with the box indicating a segment of 
amino acid residues that are deleted in the HsSAHH sequence and in (B), the deleted amino acids on 
the HsSAHH structure are shown in red and those missing in PfSAHH are indicated in magenta. The 
structures were annotated using PyMOL software (http://www.pymol.org/pymol). 
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Fig 4.8 Alignment of amino acid sequence of SAHH from P. falciparum and H. sapiens. The 
amino acid sequence of SAHH from P. falciparum and H. sapiens were aligned using ClustalW 
(Thompson et al., 2003). Conserved Residues are indicated by *, while: represents a conserved and . 
indicates a semi-conserved amino acid substitution.  

4.2.8 Prediction of Copper binding motif GYGDVGKG (GXGXXGXG) on the 

PfSAHH structure 

According to Bethin et al., 1995, the S-adenosylhomocysteine hydrolase 

enzyme plays a role in intracellular copper metabolism. In-silico determination of the 

copper-binding site was conducted using Solvent accessibility-based Protein-

Protein Interface iDEntification and Recognition (SPPIDER) software (Porollo et al., 

2007), and the sites were annotated and visualized in JMOL (Jmol development 

team, 2016. Jmol, Available at: (http://jmol.sourceforge.net/). Fig 4.9 A, B, and C 

show the predicted binding site (in blue color). When annotated in JMOL, a 

GYGDVGKG (GXGXXGXG) motif is situated between amino acid residues 264 and 

271. 

 

Fig 4.9 Predicted copper-binding site (GYGDVGKG) on PfSAHH model. The PfSAHH sequence 
was processed by Solvent accessibility-based Protein-Protein Interface iDEntification and Recognition 

(SPPIDER) software (Porollo et al., 2007) and visualized in JMOL (Jmol development team, 
2016. Jmol, Available at: (http://jmol.sourceforge.net/). A. PfSAHH model homotetramer with copper 
binding sites indicated in blue and shown on each of the 4 chains. B. and C. different orientations of 
chain A of the PfSAHH model illustrate the position of the copper-binding site. 



84 
 

4.2.9 Analyses of the NAD/H binding sites on the PfSAHH structure 

Exploration of the NAD/H binding sites on the PfSAHH structure is important 

because the protein is a potential drug target against malaria. An in-silico experiment 

was performed using Solvent accessibility-based Protein-Protein Interface 

iDEntification and Recognition (SPPIDER) software (Porollo et al., 2007), to 

determine various binding sites including the binding sites for NAD/H. These were 

annotated and visualized in JMOL (Jmol development team, 2016. Jmol, Available 

at: (http://jmol.sourceforge.net/). Fig 4.10 shows the predicted binding sites which 

are shown in different colors. When viewed in Fig 4.11, amino acids 237-238, 283-

292, 319-320, and 469-476, encompass the amino acid residues in the PfSAHH 

sequence (235, 287, 288, 320, and 473) that have been reported to bind NAD/H 

(Singh et al., 2016). Compared to the PDB structure with NAD/H (Tanaka et al., 

2004) the analyses from the present study revealed that only cysteine at position 263 

was common with the predicted NAD/H binding sites by SPPIDER software.  

 

Fig 4.10 NAD/H predicted binding sites for the PfSAHH model using SPPIDER software and 
viewed using PyMOL(http://www.pymol.org/pymol) The diagram shows the binding site of NAD/H 
and other ligands like copper shown in red and cyan, respectively. 

 

Fig 4.11 Prediction of NAD/H and other ligand binding sites of PfSAHH structure using 
accurate sequence-based prediction of relative Solvent AccessiBiLitiEs (SABLE) secondary 
structure and transmembrane domains. The binding sites are represented by colored amino acids 
(pink). The diagram also indicates buried (blue) and accessible (red) amino acids (Adamczak et al., 
2004). 
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4.2.10 Assessment of the crystal structure of PfSAHH using three-dimensional 

profiles 

NMR and X-ray structures all have problems that are supposed to be solved 

by various methods that determine the quality of such structures before they can be 

used in docking experiments (Agnihotry et al., 2022). Therefore, the VERIFY3D 

program was utilized to establish whether the structure was correct and not 

mistraced or wrongly folded. Fig 4.12 shows that 72.79% of the residues in PfSAHH 

had an average 3D-1D score ≥ 0.1 which is near the 80% limit score. These results 

imply that the structure is good and can be used in molecular docking experiments. 

 

 

Fig 4.12 Validation of the crystal structure of PfSAHH using VERIFY3D.  The crystal structure of 
PfSAHH (1v8b.pdb; Tanaka et al., 2004) was obtained from a protein data bank (PDB) with 72.79% of 
the residues that have averaged 3D-1D score ≥ 0.1.  

4.2.11 Determination of interacting partners of PfSAHH using STRING 

Database 

PfSAHH interacts with various proteins to perform different functions inside 

the malaria parasite as shown in STRING analysis. The evidence is based on the 

experimental and data mining.  A STRING database was evaluated to find out the 

interacting partners of PfSAHH. Fig 4.13 shows that PfSAHH interacts with many 

proteins that carry out notable functions that are necessary for the survival of the 

parasite. Table 4.1 provides partners to PfSAHH determined by various methods. 

Those established through co-expression are S-adenosylmethionine synthase and 

triosephosphate isomerase which are involved in catalyzing the formation of s-

adenosylmethionine and play a role in the glycolytic pathway, respectively. 

Adenosine deaminase which catalyzes the deamination of adenosine and PfPMT 

which converts norepinephrine to epinephrine has been determined to be associated 

with PfSAHH through the co-expression method (Table 4.1). The association of the 

rest of the partners to PfSAHH in Table 4.1 was determined using text mining. These 

proteins are involved in various functions such as maintenance of translational 
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fidelity, promotion of cell growth, proliferation, and differentiation, including being 

involved in the purine salvage pathway.  

 

Fig 4.13 STRING database prediction of interacting partners of PfSAHH (PFE1050w). The 
intracellular proteins that interact with PfSAHH are shown in the diagram. The numbers/labels are 

expanded in Table 4.1 (https://string-db.org/). The lines in different colors connecting proteins signify 

the type of method used to determine the association of various proteins to PfGrx1. Cyan – curated 
database; Purple – experimentally determined; Green – gene neighborhood; Red – gene fusion; Deep 
blue – co-occurrence; Lime green – text mining; Black – co-expression; Light blue – protein homology. 

Table 4.1 Prediction of PFE1050w/PF3D7_0520900 interacting partners using the STRING 
database.  

 

 

Note: That a different pattern of interactions may be obtained if the analysis was done a year 

later, due to the generation of new data. 
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4.2.12 The amplification of PfSAHH 

The PfSAHH was amplified through colony PCR using Taq polymerase after 

its in-silico analyses. Fig 4.14, lane 2 shows four bands of the whole plasmid 

representing nicked, linear, supercoiled, and circular, single-stranded plasmid DNA. 

A PCR product with the expected 1748 bp is shown in lanes 3 and 4. The difference 

in the intensity of the bands in lanes 3 and 4 is due to the variation in the dNTPs 

used in the reactions. Ext. dNTPs had a greater yield of amplicons (lane 3). A control 

without the template was run in lane 5 and shows no band (Fig 4.14). 

 

Fig 4.14 Agarose gel of the PCR product of PfSAHH gene from the bacterial colony. The 
PfSAHH gene was amplified from one pET 100/D-TOPO rPfSAHH plasmid-containing bacterial 
colony and resolved on a 1% (w/v) agarose gel containing ethidium bromide. Lane 1, DNA ladder; 
Lane 2, Isolated plasmid (SAHH), Lane 3, PCR product using 2.5 mM dNTPs; Lane 4, PCR product 
using 10 mM dNTPs; Lane 5, Control without the template. The arrow on the shows a ~1748 bp 
amplicon of PfSAHH. 

4.2.13 Restriction endonuclease digestion of PfSAHH pET100/TOPO 

expression plasmid 

The restriction endonuclease digestion of pET/TOPO expression plasmid 

harboring the PfSAHH gene was performed using EcoRI and BamHI. Undigested 

and digested PfSAHH samples were resolved on 1 % agarose gel (Fig 4.15). Lane 2 

of Figure 4.15 shows four bands of undigested plasmid representing nicked, linear, 

supercoiled, and circular, single-stranded plasmid DNA. Single digests of plasmid 

with EcoRI and BamHI, respectively, show prominent bands of ~7000 bases in lanes 

3 and 4. There is a faint band in both lanes 3 and 4 with ~5000 and ~4500 bases, 

respectively. Double digestion with EcoRI and BamHI in Tris-HCI/MgCl2 buffer 
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yielded four bands in lane 6 corresponding to linearized DNA ~6000, two faint bands, 

and the expected band with ~1470 bp.  

 

Fig 4.15 Digestion of PfSAHH pET 100/D-TOPO expression plasmid (commercially 
synthesised)with EcoR1 and BamH1. Samples were all resolved on 1% (w/v) agarose gel 
containing ethidium bromide and viewed using UltraViolet light. Lane 1 DNA Ladder; The PfSAHH 
pET 100/D-TOPO in Lane 2, was undigested, Lane 3, digested with EcoR1; Lane 4, digested with 
BamH1; Lane 5, digested with EcoR1 and BamH1 in Tris-HCL/MgCl2 Buffer; Lane 6, digested with 
EcoR1 and BamH1 in Tris-HCL/MgCI2. The arrow indicates a ~1470 bp insert. 

4.2.14 Monitoring of the growth of E. coli BL 21 (DE3) expressing PfSAHH 

The E. coli BL 21 (DE3) bacteria were used for the expression of rPfSAHH in 

Luria Broth (LB) media. The culture was grown at 37°C and induced with 1 mM IPTG 

for 4 hours. The bacterial growth was monitored at OD600 (Fig 4.16). The difference 

between the uninduced and induced cultures was marginal in the two colonies used 

for the experiment. This indicated that the bacteria grew exponentially (Fishov., 

1995). Colony 1 was used in the subsequent experiments (Fig 4.16). 

 

Fig 4.16 Bacterial growth curves for the expression of PfSAHH in LB media without glucose at 
37⁰C induced with 1 mM IPTG for 4 hours. Two different E. coli colonies were selected and grown 
in the presence (induced) or absence (uninduced) of IPTG for 4 hours. Growth was monitored at 
OD600 nm. The arrow indicates the point at which IPTG was added. 
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4.2.15 Screening of the recombinant PfSAHH 

The bacteria utilized in Fig 4.16 were lysed and electrophoresed on a 12.5% 

reducing SDS-PAGE. Induced samples in lanes 4 and 6, all show a band of 

approximately ~116 kDa (Fig 4.17). The expected protein band of interest was 

supposed to be positioned between 45 and 66.2 kDa. The predicted molecular 

weight is 53.9 kDa. Purification of the rPfSAHH grown under conditions in 4.2.4 did 

not show the preferred and expected band. Suggesting that the protein was not 

expressed and did not bind to the column during the affinity purification. In a quest to 

identify the protein with the right size, the expression conditions were changed, and 

the experiment was conducted as outlined in section 4.2.5.  

 

Fig 4.17 SDS-PAGE analysis of the expression of two colonies of PfSAHH in LB media induced 
with 1 mM IPTG at 37⁰C for 4 hours.  Bacterial lysates from two cultures, each from a separate E. 
coli colony were electrophoresed on 12.5% reducing SDS-PAGE stained with Coomassie brilliant blue 
G250. Lane 1 Molecular weight marker; Lane 2 whole E. coli lysate (bacteria without a plasmid). 
Lanes 3, 5, uninduced, and lanes 4 and 6 induced samples taken after the addition of IPTG. 

4.2.16 Recombinant expression of PfSAHH 

Following the failure to identify the band of interest in section 4.2.4, E. coli BL 

21 (DE3) pLysS bacteria were later used for the expression of rPfSAHH.  The culture 

was grown at 20°C and induced with 1 mM IPTG for 16 hours. The bacteria were 

lysed and run on 15% reducing SDS-PAGE. A notable band (~116 kDa) was 

identified as earlier observed in 4.2.4. When rPfSAHH was affinity purified, a band of 

approximately ~53 kDa was confirmed through western blot Fig 4.19 C. It was then 

concluded that the band of interest in Fig 4.18 was situated between ~45 and ~66.2 

kDa. 
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Fig 4.18 Recombinant expression of PfSAHH in 2xYT media induced with 1 mM IPTG for 16 
hours at 20°C. Bacterial lysates from one colony culture were electrophoresed on 15% reducing 
SDS-PAGE gel stained with Coomassie brilliant blue G250. Lane 1, molecular weight marker; Lanes 
2, whole E. coli lysate; uninduced and induced samples of 5 µL were loaded in lanes 3 and 4, 
respectively; Lane 5, blank; Lanes 6, 7, and 8 were loaded with double the volume of the samples in 
lanes 2, 3, and 4. 

4.2.6 Expression, purification, and characterization of recombinant PfSAHH 

 

 

Fig 4.19 SDS-gel and western blot analysis of recombinantly expressed and purified PfSAHH in 
pET100/D-TOPO. Samples from the expression of rPfSAHH at 20°C, induced with 1 mM IPTG for 16 
hours and affinity purified were electrophoresed on 15% reducing SDS-PAGE and stained with 
Coomassie brilliant blue G250 in (A). B. and C indicate nitrocellulose stained with Ponceau S after 
western blot transfer and detection of rPfSAHH using 4-Chloro-1-napthol, respectively. In A, B, and C, 
lanes were loaded with the following samples: Lane 1, molecular weight marker; Lane 2, uninduced 
whole lysate; Lane 3, induced whole lysate, Lane 4, pellet; Lane 5, unclarified supernatant; Lane 6, 
flow-through; Lane 7- 9, wash fractions; Lane 10-13, eluted fractions; Lane 14, blank; Lane 15, 
Circumsporozoite protein (CSP). The arrow shows the predicted size of rPfSAHH (~53 kDa). 
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The recombinant PfSAHH protein was expressed and purified by Ni-NTA 

column chromatography. The protein elution was done using 500 mM imidazole with 

an estimated molecular weight of ~53 kDa protein band being identified in lanes 10, 

11, and 13 (Fig 4.19 A) corresponding to the predicted molecular weight of 53.9 kDa. 

Fig 4.19, B, is nitrocellulose stained with Ponceau-S showing a successful western 

blot transfer with rPfSAHH indicated by an arrow on the right side of the gel. The 

purity of the rPfSAHH was ascertained by probing the western blot with mouse anti-

His antibody and detected with 4-chloro-1-naphthol (Fig 4.19 C). For unknown 

reasons, the protein of interest could not be detected in the induced culture and 

supernatant as expected. If the gel in (A) is analyzed carefully, you will notice that 

lanes 10, 11, and 13 show the band of the protein of interest (PfSAHH). In (B), the 

protein bands were washed away with distilled water. However, protein transfer was 

successful. In (C) lanes 11 and 13 have a faint protein band for PfSAHH. Lane 14 is 

supposed to be blank but poor loading of the sample in the adjacent lane has led to 

the spill over of the sample.  

4.2.17 Monitoring of E. coli BL 21 (DE3) pLysS bacteria growth with and 

without rPfSAHH in the absence and presence of copper 

An experiment was carried out to determine the effect of rPfSAHH on the 

growth of E. coli host cells in the presence of toxic copper (8 mM) concentrations. E. 

coli BL 21 (DE3) pLysS cells with and without rPfSAHH were grown for 16 hours and 

monitored at OD600. Fig 4.20 A shows that there was minimal E. coli cell growth in 

copper (8 mM) enriched media. Contrary to this, E. coli with expressed rPfSAHH 

protein, indicated increased growth by 0.248 absorbance units (Fig 4.20 B). This 

data suggests that rPfSAHH binds copper inside cells and aids bacterial cell growth. 

Uninduced and induced E. coli cells with rPfSAHH showed marginal differences in 

the absence of copper, showing balanced growth (Fig 4.20 B). The data indicates 

that the uninduced bacteria expressed some PfSAHH protein which enabled them to 

grow in the presence of 8mM copper, and this may be due to the leaky expression of 

the PfSAHH protein. 
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Fig 4.20 Growth of E. coli BL 21 (DE3) pLysS cells and expressing rPfSAHH in the absence or 
presence of copper. A. The E. coli cells were grown in the absence (red and blue lines) and 
presence of copper (8 mM) (yellow and grey) at 20⁰C for 16 hours, after being induced with 0.2 mM 
IPTG. B. The E. coli cells expressing rPfSAHH were grown using the conditions in (A). Uninduced 
and induced cultures in the absence of copper are represented in blue and orange respectively, while 
in the presence of copper (yellow (induced) and grey (uninduced). Arrows in A and B indicate the 
addition of copper and IPTG to the media. The absorbance readings in A and B were monitored at 
OD600 nm. 

4.2.18 Inhibition of copper-catalyzed oxidation of ascorbic acid by rPfSAHH 

expressed without copper and isolated without/with DTT 

rPfSAHH was expressed without copper, isolated without or with DTT, and 

added to the ascorbate oxidation assay (Fig 4.21 A and B). Ascorbic acid alone or 

with rPfSAHH, EDTA (control), and BSA had little effect on the ascorbic acid 

oxidation at 255 nm for 300 s. Adding CuCl2 to the ascorbate oxidation led to a 0.57 

decrease in absorbance units (Fig 4.21 A). The ascorbic acid oxidation was inhibited 

by rPfSAHH, causing a 0.46 less change in absorbance units. This finding indicates 

that the protein bound copper (Fig 4.21 A). Isolating rPfSAHH with DTT and adding it 

to the assay, did not produce results different from those obtained from using 

rPfSAHH isolated without DTT (Fig 4.21 B). As shown in 3.4.2, there was more 

inhibition of the ascorbate oxidation by BSA than rPfSAHH isolated with and without 

DTT (Fig 4.21 A and B), thus BSA binds copper. 
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Fig 4.21 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of rPfSAHH 
grown without Cu and isolated without/with DTT (10 mM). 120 µM ascorbic acid (H

2
Asc) was 

prepared and titrated to pH 4.5; 8 µM CuCl
2
 was added to H

2
Asc solution. A. rPfSAHH (5 µM), BSA  

(5 µM), or EDTA (5 µM) were added to CuCl
2
/H

2
Asc solution. B. rPfSAHH + DTT was treated as in A 

including controls (BSA and EDTA). The rate of ascorbic acid oxidation by copper in A and B was 
measured for 300 s. 

4.2.19 Inhibition of copper-catalyzed oxidation of ascorbic acid by rPfSAHH 

expressed with 0.5 mM of copper and isolated without/with 10 mM DTT 

rPfSAHH was expressed in the presence of 0.5 mM copper and isolated 

without/with DTT, then followed by addition to the ascorbate oxidation assay (Fig 

4.22 A and B). Ascorbic acid alone or with rPfSAHH + CuCl2, BSA, and EDTA had 

little effect on the ascorbate oxidation assay. When CuCl2 was added to the 

ascorbate, a 0.57 decrease in absorbance readings was seen. rPfSAHH expressed 

with copper had no inhibitory effects on the ascorbate oxidation assay (Fig 4.22 A), 

suggesting that the protein bound copper inside of the host bacterial cells. The data 

obtained from the assay by using rPfSAHH isolated with or without DTT did not 

significantly differ (Fig 4.22 B).   
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Fig 4.22 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of rPfSAHH 
grown with Cu (0.5mM) and isolated without/with DTT (10 mM). 120 µM Ascorbic acid (H

2
Asc) 

was prepared and titrated to pH 4.5; 8 µM CuCl
2
 was added to H

2
Asc solution. In A, rPfSAHH + Cu   

(5 µM), and BSA (5 µM) were added to CuCl
2
/H

2
Asc while in B. rPfSAHH + Cu + DTT (5 µM), was 

added to the copper (II) Chloride/Ascorbate solution including the control as mentioned in A. The rate 
of ascorbic acid oxidation by CuCl

2
 was measured for 300 s both in A and B. 

4.2.20 Binding of copper to rPfSAHH measured with the bicinchoninic acid 

(BCA) copper release assay 

rPfSAHH was expressed without copper and isolated with/without DTT 

followed by purification and analysis of its ability to bind copper in the BCA release 

assay. Dithiothreitol (DTT) was included during the isolation of the recombinant 

protein because it is a strong reducing agent at low (1-10 mM) concentrations, and 

maintains reduced states of thiol groups (Cleland, 1964). Fig 4.23 shows CuCl2 

absorbance readings in the presence of ascorbic acid (solid bars) which are higher 

than the rest of the samples (P≤0.001 . Little copper was detected when rPfSAHH 

isolated with/without DTT and BSA were assessed alone or incubated with Cu (II) 

(Fig 4.23). rPfSAHH isolated with or without DTT and BSA control bound copper 

after incubation with Cu (I  (P≤ 0.05 . The binding ability of copper to rPfSAHH with 

or without DTT was not significantly different (P˃0.05  (Fig 4.23 . 
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Fig 4.23 Binding of copper to PfSAHH isolated with/without DTT in-vitro determined by the 
BCA copper release assay. 10 µM affinity-purified PfSAHH + DTT or PfSAHH was incubated with 
copper II chloride with/without ascorbate. Excess copper from the incubation step was removed using 
a spun column, and the protein solution was treated with TCA. Copper was detected without (open 
bars) or with ascorbate (solid bars). The experiment was performed in duplicate, and the average 
readings were plotted as shown in the bar graph. The experiment included BSA as a control. The data 
presented are mean ± SD of a duplicate. *, **, ***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 
0.0001, respectively, as determined by the student’s t-test. The ‘ns’ stands for ‘non-significant’ 

4.2.21 Measuring the copper bound in-vivo to rPfSAHH using the bicinchoninic 

acid (BCA) copper release assay 

Low concentrations (0.5 mM) of copper do not influence the growth of E. coli 

cells (Lutsenko et al., 1997). For this reason, rPfSAHH was expressed in the 

presence of 0.5 mM copper (II) chloride to establish whether rPfSAHH binds copper 

in the host cell. The protein was isolated without or with DTT before being affinity 

purified and analyzed in the BCA release assay. E. coli host cells were washed to 

remove excess copper. Copper alone had the highest absorbance readings in the 

presence of ascorbic acid (Solid bars) (Fig 4.24). BSA alone and rPfSAHH had 

minimal copper bound compared to when the proteins were incubated with Cu (II) in 

the absence of ascorbate. BSA bound both Cu (I) and Cu (II) in tandem with reports 

by Suzuki et al., 1989 and Alhazmi et al.,2023. rPfSAHH bound Cu (I) and there was 

no significant difference in copper levels between the recombinant proteins isolated 

with DTT or not (P˃0.05  (Fig 4.24 .  
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Fig 4.24 Binding of copper to PfSAHH + Cu or PfSAHH + Cu + DTT in-vivo determined by the 
BCA copper release Assay. 10 µM affinity-purified PfSAHH + Cu or PfSAHH + Cu + DTT was 
expressed with copper II chloride (0.5 mM) and treated with TCA. Copper was detected without (open 
bars) or with ascorbate (solid bars). The experiment was performed in duplicate, and the average 
readings are presented in the figure above. The data presented are mean ± SD of a duplicate. *, **, 
***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 0.0001, respectively, as determined by the 
student’s t-test. The ‘ns’ stands for ‘non-significant’  

4.2.22 Measuring in-vitro copper binding to rPfSAHH with previously bound 

copper using bicinchoninic acid (BCA) release assay 

To determine the ability of rPfSAHH to bind more copper, the protein was 

expressed in copper-rich (0.5 mM) media and isolated without/with DTT. rPfSAHH 

was incubated with copper in the absence and presence of ascorbate before 

evaluating it in the BCA release assay (Fig 4.25). As before, copper measured in the 

presence of ascorbate (solid bars) had the highest absorbance readings at 354 nm. 

BSA alone had little copper, and bound copper when copper was added to the 

protein without ascorbic acid. There was more copper bound to rPfSAHH expressed 

with copper and isolated without or with DTT when the recombinant proteins were 

incubated with copper (I), and the proteins did not bind copper when copper (II) was 

added (Fig 4.25). This finding suggests that rPfSAHH expressed in the presence of 

copper bound more copper, thus the protein was not saturated. rPfSAHH isolated 

with DTT bound a similar amount of copper to the protein isolated without 

DTT(P˃0.05 . 
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Fig 4.25 Binding of copper to PfSAHH + Cu or PfSAHH + Cu + DTT in-vitro determined by the 
BCA copper release assay. 10 µM affinity-purified PfSAHH + Cu or PfSAHH + Cu + DTT was 
incubated with copper II chloride with/without ascorbate. Excess copper from the incubation step was 
removed using a spun column, and the protein solution was treated with TCA. Copper was detected 
without (open bars) or with ascorbate (solid bars). The experiment was performed in duplicate, and 
the average readings were plotted in the bar graph. BSA was included as a control. The data 
presented are mean ± SD of a duplicate *, **, ***, and **** denote P≤ 0.05, P≤ 0.01, P≤0.001, and P≤ 
0.0001, respectively, as determined by the student’s t-test. The ‘ns’ stands for ‘non-significant’. 

4.2.23 The effect of rPfSAHH eluent on the copper-catalyzed oxidation of 

ascorbic  

rPfSAHH expressed in the presence of 0.5 mM copper and isolated 

without/with DTT, then followed by purification and incubation with more copper in 

the presence or absence of ascorbate. Before the sample could be added to the 

ascorbic acid oxidation assay, it was passed through a spin column to remove 

excess copper. Ascorbic acid alone had a minimal effect on ascorbate oxidation at 

255 nm. A decrease of 0.64 absorbance units was observed when CuCl2 was added 

to ascorbic acid (Fig 4.26 A, B, C, and D). The recombinant proteins that were 

incubated with copper and then passed through the gel filtration column did not 

inhibit copper-catalyzed ascorbic acid oxidation, suggesting that the recombinant 

proteins had bound copper in the host bacteria cells. 
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Fig 4.26 Copper-catalyzed oxidative degradation of ascorbic acid in the presence of eluent.   
120 µM ascorbic acid (H

2
Asc) was prepared and titrated to pH 4.5; 8 µM CuCl

2
 was added to H

2
Asc 

solution; A. PfSAHH expressed with Cu and isolated with DTT was added to CuCl2 which was 
reduced using 10 mM ascorbic acid and passed through gel filtration column as described earlier. B. 
The protein in (A) was added to CuCl2 in the absence of ascorbic acid and then gel filtrated C. 
PfSAHH isolated without DTT was added to CuCl2 after reduction with 10 mM ascorbic acid followed 
by gel filtration D. Protein in (C) was incubated with oxidized copper and was passed through a gel 
filtration column. 

4.3. Discussion 

4.3.1 Introduction 

Copper has been documented to be important to all organisms because it is a 

cofactor of many different enzymes. However, it may be harmful due to its capacity 

to undergo redox reactions that increase free radicals causing peroxidation of cell 

membranes (O'Halloran et al., 2000). For this reason, cells have mechanisms that 

reduce the effects of elevated levels of copper. The role of copper-binding proteins in 

ensuring optimum levels of copper are present in cells cannot be over-emphasized. 

In Plasmodium falciparum, the addition of 5 µM of copper sulfate stops 50% growth 

of the parasite (Marva et al., 1989). Copper must be regulated through a balance 

between the influx, and efflux.  To achieve this, the parasite has copper transporters 

and metallochaperones that aid copper acquisition, distribution, and efflux. Cytosolic 

copper distribution is poorly documented in Plasmodium falciparum, therefore, the 

study to examine S-adenosylhomocysteine hydrolase documented to have a role in 

intracellular copper metabolism in mouse hepatic cells (Seo et al., 1993) was 

undertaken. This section will describe the identification of P. falciparum S-

adenosylhomocysteine hydrolase and its copper-binding characteristics. 
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4.3.2 Analysis and identification of PfSAHH using computational methods.  

Analysis of the amino acid sequence alignment of SAHH from protozoa, 

yeast, mice, and humans revealed a conserved copper binding motif GYGDVGKG-

GXGXXGXG (Fig 4.1 A), which is situated in the cofactor domain (Tanaka et al., 

2004). The results are supported by previous studies in protozoa, rats, mice, and 

humans (Bujnicki et al., 2003, Gomi et al., 1989, Seo et al., 1993, Tanaka et al., 

2004). Further, the results highlighted the NAD+/H binding region (Fig 4.1 A). This is 

in line with findings in mice that have the NAD site ranging from amino acid residue 

197 to 351 (Kusakabe et al., 2015), and in humans, this is located between amino 

acid residue 226 to 339 (Tanaka et al., 2004). Singh et al., 2016 reported a 13 amino 

acid residue involvement in NAD binding on PfSAHH structure compared to the three 

documented by Creedon et al., 1994. The latter was the first to express and purify 

the SAHH from the Plasmodium falciparum and established that NAD bound to 

glycine residues located on positions 264, 266, and 269, amino acids that are part of 

the GXGXXGXG copper-binding motif (Creedon et al., 1994). These results 

demonstrate that the GXGXXGXG motif is common in most organisms, thus making 

it an important part of the functionality of the enzyme.  

When amino acid sequences of SAHH for the five Plasmodium species that 

infect humans were aligned, a GYGDVGKG motif was common to the other four 

amino acid sequences apart from Plasmodium vivax that had a GFGDVGKG motif 

(Fig 4.1 B). The GYGDVGKG motif has also been found to be conserved in the 

SAHH sequences from bacteria, plants, nematodes, soil-dwelling amoeba, and 

leishmania species (Creedon et al., 1994). An alignment of 20 amino acid sequences 

from Plasmodium falciparum isolates, showed a conserved GYGDVGKG in all 

isolates and a 100% conservation of all the amino acid residues (Fig 4.2). Alignment 

of SAHH sequences from Plasmodium species infecting humans, mice, birds, and 

monkeys, still indicated the GYGDVGKG motif to be common apart from the 

Plasmodium vivax isolates that had GFGDVGKG motif (Fig 4.3). The reason for the 

substitution of tyrosine for phenylalanine is not known. 

The study identified and selected two immunogenic peptides from the 

PfSAHH sequence which are “MVENKSKVKD”, a peptide that ranges from amino 

acid residue 1 to 10, and “QMEISENEMPGLMRIREEYGKDQPLKNAKIT”, ranging 

from 20 to 50) (Fig 4.4). These peptides were to be injected into chickens to 

generate antibodies, an activity that was not undertaken. Due to these peptides 

being on the surface, they might provide several epitopes that are accessible to 

antibodies like those reported on Cox17 by Beers et al., 1997. Generation of chicken 

antibodies of PfSAHH could be useful because they would help in identifying the 

protein and would confirm that the recombinant protein shared structural motifs with 

the native PfSAHH protein structure. When the rPfSAHH is injected into the 

chickens, antibodies will be purified and used in western blot to detect both the 

native and recombinant PfSAHH. 

The enzyme S-adenosylhomocysteine hydrolase (SAHH) catalyzes S-

adenosyl-L-homocysteine hydrolysis to adenosine and homocysteine. It is also 

reported that it plays a role in regulating physiological methylation. Additionally, S-

adenosyl-L-homocysteine may act as an inhibitor of methionine (SAM)-dependent 
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methylation. In other instances, SAM may have a part in the methylation of 

biomolecules and other small molecules (Yuan et al., 1999). For the above functions 

to be performed, the protein has domains that participate in such reactions. The 

AdoHyase_NAD domain was predicted (Fig 4.5), and this result is in tandem with 

what is documented by Creedon et al., 1994, Seo et al., 1993, and Singh et al., 

2016. 

No studies have determined the ability of PfSAHH to bind copper. However, 

SAHH from mouse hepatic cells has been found to have a role in intracellular copper 

metabolism (Bethin et al., 1995 a and b). The PfSAHH model crystal structure was 

compared to that of HsSAHH using superimposition in PyMOL (Fig 4.6 A, B, and C), 

with an overlay structure generating an RSMD value of less than 2Å. This is 

supported by Singh et al., 2016, who established similarity with an RSMD of 0.749 Å. 

However, mouse SAHH is 97% identical to the HsSAHH (Coulter-Karis et al., 1989), 

suggesting that it would be very similar to PfSAHH structure Multiple sequence 

alignments have revealed identical motifs and NAD binding sites among SAHH 

amino acid residue sequences from mice, P. falciparum, and humans; thus, SAHH 

protein is similar among these organisms. Therefore, if mouse SAHH binds copper 

and plays a role in intracellular copper metabolism, PfSAHH has the potential to bind 

and distribute copper in the malaria parasite. 

Various studies have determined that mouse SAHH binds copper (Seo et al., 

1993, Bethin et al., 1995); however, the site has not been established. Using 

SPPIDER, the copper-binding motif (GXGXXGXG) motif was predicted (Fig 4.9) and 

we think that this is the likely copper binding site due to the GXXG copper-binding 

motif present in another copper binding protein (Ctr1) (Puig et al., 2002, Choveaux et 

al., 2012) that was implicated in copper binding. Additionally, this site is shown to 

bind copper in section 6.1.4. using the MIB2 modeling server. Other sites predicted 

are NAD/H sites in Fig 10 and 11. These align well with previous studies (Singh et 

al., 2016, Tanaka et al., 2004, Yang et al., 2002, Kusakabe et al., 2015). VERIFY3D 

program was utilized to establish whether the PfSAHH structure was correct and not 

mistraced or wrongly folded. The results indicated that 72.79% of the residues in 

PfSAHH had an average 3D-1D score ≥ 0.1 which is near the 80% limit score (Fig 

4.12). Data that shows that the structure was good (Agnihotry et al., 2022). 

PfSAHH has various roles in the malaria parasite, some of which depend on 

its interaction with other proteins. Using the STRING database, the interacting 

partners of this protein were predicted (Fig 4.13). Notably, PfSAHH was observed to 

be associated with triosephosphate isomerase, adenosine deaminase, and PfPMT, 

proteins that have a role in glycolysis, and deamination. PfSAHH has been reported 

to be involved in nitrogen, sulfur, and carbon metabolisms (Balmer et al., 2003, 

Lemaire et al., 2004, Lindahl et al., 2003). The pull-down assay experiment by Sturm 

et al., 2009 reports that PfSAHH also interacts with PfGrx1 through the formation of 

a disulfide bond at an amino acid residue 88 of PfGrx1. The interaction with these 

proteins provides insight into the potential for PfSAHH to interact with other copper 

proteins and thus, may play a role in the cytosolic copper distribution and contribute 

to the parasite's survival. 
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4.3.3  PCR amplification of PfSAHH in E. coli BL 21 (DE3) pLysS 

The Plasmodium falciparum gene is located on chromosome 5 which codes 

for 479 amino acid residues (Bujnicki et al., 2003). The gene coding for the PfSAHH 

is transcribed as a 2.8 kilobase mRNA in the parasite at the erythrocytic blood stage 

(Creedon et al., 1994). The coding sequence was amplified, revealing a 1748 bp 

amplicon (Fig 4.14) that included T7 promoter and T7 reverse regions (coding 

sequence not shown). The amplicon was however not sequenced to confirm the 

Open Reading Frame (ORF). However, an analysis using the MendelGen program 

was conducted to verify that the coding sequence was in an Open Reading Frame. 

Further, a restriction digest of the PfSAHH plasmid was performed with restriction 

enzymes (EcoRI and BamHI) used individually and in combination to establish that 

the right size of the SAHH fragment was inserted. The results of the double digestion 

showed a 1470 bp (Fig 4.15) similar to sizes obtained in previous studies (Creedon 

et al., 1994, Bujnicki et al., 2003).  

4.3.4 Recombinant expression and purification of PfSAHH in E. coli BL 21 

(DE3) pLysS 

Research studies in biological sciences require recombinant proteins, which 

are used to establish enzyme activity, protein interactions, and binding capacities of 

different ligands like metal ions. Many other functions can be sought to be 

established in both in-vivo and in-vitro experiments (Bondos et al., 2003, Casteleigjn 

et al., 2013). Therefore, E. coli BL 21 (DE3) cells were transformed, and two colonies 

were selected for the expression of PfSAHH. Monitoring the E. coli growth revealed 

no significant difference between the uninduced and induced cultures (Fig 4.16) like 

a study by Ramirez et al., 1994 that reported that IPTG between 0- and 1-mM 

concentration does not affect bacterial growth and cell concentration. In contrast to 

these findings is a report by Harcum et al., 1992 that states that IPTG slows the 

growth of E. coli. Additionally, previous studies on copper-binding proteins indicated 

a large difference between the uninduced and induced cultures (Choveaux et al., 

2015, Salman et al., 2022). One colony with the best growth rate was selected for 

subsequent expression optimization. 

The bacteria grown in Fig 4.16 were lysed and run on a 12.5% reducing SDS-

PAGE gel (Fig 4.17). It was difficult to identify the size of PfSAHH protein in the 

induced cultures which was supposed to be between 45 to 66.2 kDa like reports in 

previous studies (Seo et al., 1993, Creedon et al., 1994). There was an unidentified 

protein in the induced lanes with a molecular weight of 116 kDa (Fig 4.17). Efforts to 

purify the PfSAHH protein proved fruitless, and the results were not very significant. 

There were various reasons why the results could have been the way they were; (i) 

there could have been low or no protein expression because of expression 

conditions that may have affected the protein integrity (Malhotra., 2009). (ii) The 

other reason would be due to the efficiency of the purification that could have been 

affected by protein tags that function in both the affinity and solubility roles (e.g. MBP 

and GST tags have been used to improve affinity and solubility) (Malhotra., 2009). 

Previous studies indicated challenges in expressing His-tagged proteins (Carr et al., 

2002, Banci et al., 2004, Salman et al., 2022). The molecular weight markers were 

used to calculate the approximate size of the expressed protein by plotting the log 
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mw vs the distance travelled by each protein relative to the Bromophenol blue and 

comparing the distance moved by protein band of interest on the graph. To improve 

the expression of PfSAHH, the expression conditions were altered, and the following 

were the conditions used for the expression of PfSAHH; 2xYT growth media, 20°C 

expression temperature, 16 hours induction time, and    1 mM IPTG inducer 

concentration. Fig 4.18 shows the results obtained from the change in expression 

conditions though only the 116 kDa band differentiated the induced from the 

uninduced lanes. The size of PfSAHH could still not be identified using the 15% 

reducing SDS PAGE gel (Fig 4.18). Unfortunately, E. coli proteins of a similar size to 

the expected protein, masked the expression of the recombinant protein. Purification 

and later western blot results identified a ~53 kDa PfSAHH that was like the 

predicted molecular weight of 53.9 kDa (Fig 4.19 A, B, and C). This is slightly 

different from the report by Creedon et al., 1994 which found a molecular weight of 

56 kDa, during the same study, SAHH from a rat with a 44 kDa was identified. 

Nakanishi et al., 2001 reported a 55 kDa, and Bujnicki et al., 2003, found a molecular 

weight of 50 kDa all from Plasmodium falciparum. The size of the protein in all these 

reports is deduced from electrophoresis gels which give an approximate measure of 

molecular weight. SAHH in mouse has a reported molecular weight of 50 kDa (Seo 

et al., 1993), and in humans, it has a molecular weight of 54 kDa (Creedon et al., 

1993, Tanaka et al., 2004) These molecular weights fall within the same range as 

that of SAHH from a rat liver (45 kDa) (Gomi et al., 1989).  

4.3.5 rPfSAHH enables E. coli host cells to tolerate toxic copper 

concentrations 

The results in Fig 4.20 A and B show minimal E. coli cell growth in copper   (8 

mM) enriched media while in E. coli which had expressed rPfSAHH protein, there 

was increased growth, indicating that the protein bound copper. This is like other 

studies that established the survival of bacteria and human cells in the presence of 

toxic copper levels (Rensing et al., 2013, Öztürk et al., 2020, Burkitt., 2001, Gaetke 

et al., 2014). In previous studies, E. coli expression of recombinant copper-binding 

proteins has been demonstrated to enable the growth of E. coli cells in the presence 

of toxic levels of copper (Salman et al., 2022, 2023). Another observation made from 

the results is that there was a marginal difference between the uninduced and 

induced E. coli cells with rPfSAHH grown in the absence of copper. This data may be 

explained by the exponential/balanced growth of the bacterial host cells (Fishov et al, 

1995). 

4.3.6 Inhibition of copper-catalyzed ascorbic acid oxidation by rPfSAHH 

expressed without copper and isolated without/with DTT 

The findings in Fig 4.21 A show that ascorbic acid oxidation was inhibited by 

rPfSAHH, indicating that the protein bound copper in the assay (Fig A and B). 

Previous studies have established similar results for rPfCtr1 and rPfCox17’s effect on 

the ascorbic acid assay (Choveaux et al., 2012, 2015). BSA, which has been shown 

to bind copper, was used in the assay as a positive control for the assay (Fig 4.21 A 

and B) (Musuoka et al., 1994., Alhazmi et al., 2023). However, the experiment does 

not determine which form [copper (I) or (II)] of copper that BSA bound. BSA has been 

shown to bind both copper (I) and (II) and prefers copper (II) (Peters and 
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Blumenstock., 1967, Alhazmi et al., 2023). Isolating rPfSAHH with or without DTT did 

not generate any variation in the results (Fig 4.21 A and B). 

4.3.7 Inhibition of copper-catalyzed ascorbic acid oxidation by rPfSAHH 

expressed with 0.5 mM copper and isolated without/with DTT 

rPfSAHH expressed with copper had no inhibitory effects on the ascorbate 

oxidation assay (Fig 4.22 A), suggesting that the protein bound copper inside the 

host bacterial cells and therefore no longer could bind copper in the assay. The data 

obtained from the assay using rPfSAHH isolated with or without DTT were not 

significantly different (Fig 4.22 B). This is in line with studies that have documented 

that copper (I) compared to copper (II) is in abundance in bacterial cells during 

reducing conditions found in the cytoplasm, like the reduced plasmodial cytoplasmic 

environment (Krnajski et al., 2001, Davis and O'Halloran, 2008, Foster et al., 2014). 

DTT plays a role in protecting thiol groups from oxidation. Sensor proteins in bacteria 

have also shown a high binding affinity towards copper (I) that is in abundance and, 

thus, stimulating an upregulation of cytosolic mechanisms that prevent stress on the 

cells (Tottey et al., 2005, Ma et al., 2009). This evidence shows the form [copper (I)] 

of copper that is predominant in the cells, and most likely, this is the form that 

rPfSAHH bound when expressed in a bacterial environment. 

4.3.8 In-vitro rPfSAHH binding of copper 

The BCA release assay results showed that rPfSAHH isolated with or without 

DTT and BSA control bound copper after incubation with Cu (I). This aligns with 

results on mouse SAHH, which established the role of this protein in copper and 

sulfur metabolism (Creedon et al., 1993). Immunoblot results, from another study by 

the same author, stated the direct effect of copper deficiency on the levels and 

functionality of the SAHH in the mouse liver (Bethin et al., 1995 a and b). Seo et al., 

1993 reported a copper-binding SAHH purified from the brindled mouse hepatic 

cytosols with a role in intracellular copper metabolism. Other studies equally show 

that Plasmodium falciparum proteins and Trypanosoma proteins bind copper (I) in 

the BCA release assay (Rasoloson et al., 2004, Salman et al., 2022, Isah et al., 

2020). The binding ability of copper to rPfSAHH with or without DTT was not 

significantly different (Fig 4.23). 

4.3.9 In-vivo rPfSAHH binding of copper 

The rPfSAHH bound more copper in-vivo than in-vitro, and no significant 

difference was seen between the copper bound to the protein isolated with or without 

DTT (4.24). The results from in-vivo analysis are like those from the expression of 

copper-binding proteins and their binding of copper in the E. coli cells (Lutsenko et 

al., 1997). A comparison between in-vivo and in-vitro results in the present study 

gives similar results to those obtained from the expression of PfCox17 (Choveaux et 

al., 2015). Using the protein that previously bound copper in E. coli, an in-vitro 

examination of the copper binding abilities of the protein revealed that the protein 

bound copper though at minimal levels (Fig 4.25). This is supported well by results 

from Munsami’s study on PfSco1 (Munsami., 2022). Another experiment was done to 

confirm that rPfSAHH bound copper in-vivo, and results in Fig 4.26 show that the 

recombinant protein bound copper in the bacteria as there was no inhibition of the 
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copper-catalyzed ascorbate oxidation assay. All these results suggest that no copper 

(II) was bound by rPfSAHH, instead, the protein bound copper (I), data that is 

supported by published studies (Choveaux et al., 2012, 2015).   

4.3.10 Conclusion 

The results from the current study indicated that PfSAHH has a GXGXXGXG 

copper-binding motif and is common in all the organisms analyzed. The protein is in 

the cytosol, thus, there is a likelihood of it taking part in intracellular copper 

metabolism including other cellular activities. The three methods used to establish 

whether PfSAHH binds copper revealed that it binds copper in-vivo and in-vitro. This 

is the first time PfSAHH is being assessed for its ability to bind copper. 
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Chapter 5 

The protein-protein interaction studies of PfGrx1, PfCtr1, and PfCuATPAse 

using ClusPro 2.0, and molecular docking of copper with plasmodial copper-

binding proteins. 

5.1 Introduction 

This chapter describes the protein-protein interaction of copper-binding proteins 

using bioinformatic tools. A brief overview of the predicted interaction using the 

STRING database of PfGrx1 with other proteins is given Additionally, ClusPro online 

saver was used to establish the interaction of PfGrx1, PfCtr1 and PfCuATPase. The 

PDBSum programme was utilized to determine the amino acid residues, type and 

number of bonds involved in the complex generated from the ClusPro programme. 

Molecular Dynamics Simulation (MDS) performed on CABS-flex 2.0 server 

established protein changes after formation of the protein complex, in this regard, 

PfCtr1-PfGrx1 complex was analysed. 

 

5.2 Results and Discussion 

5.2.1 STRING prediction of proteins interacting with PfGrx1(PF3D7_0306300) 

inside the parasite. 

The proteins that interact with PfGrx1 in the parasite were determined using 

the STRING database (https://string-db.org). In Fig 5.1, the analysis showed that 

PF3D7_0306300 (PfGrx1) interacts with many different intracellular Plasmodium 

proteins with various cellular functions. Among the partners established through 

coexpression are ribonucleotide reductase and glutathione peroxidase, which are 

involved in the provision of precursors for DNA synthesis and maintenance of the 

antioxidant status of organisms, respectively. Other partners like glutathione and 

thioredoxin reductases are involved in maintaining reduced glutathione and catalysis 

of the reduction of thioredoxin, respectively. Thioredoxin 2 keeps low levels of free 

radicals (Stanely et al., 2011), and dihydrolipoyl dehydrogenase plays a role in the 

Krebs cycle, photorespiration, and degradation of branched-chain alpha-ketoacids. 

PfGrx1 is associated with Tip1, a truncated isoform PfCtr1, which represents the Nt 

domain and lacks transmembrane domains. This interaction is proposed to be vital to 

the survival of the parasite. Table 5.1 shows the accession numbers and identity of 

the proteins in Fig 5.1. 
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Fig 5.1 STRING database prediction of interacting partners of PF3D7_0306300. The intracellular 
proteins that interact with glutaredoxin 1 are shown in the diagram (https://string-db.org). The lines in 
different colors connecting proteins signify the method used to determine the association of various 
proteins to PfGrx1. Cyan – curated database; Purple – experimentally determined; Green – gene 
neighborhood; Red – gene fusion; Deep blue – co-occurrence; Lime green – text mining; Black – co-
expression; Light blue – protein homology. 

Table 5.1 Prediction of PfGrx1 interacting partners using the STRING database. 

Predicted interacting partners of PF3D7_0306300 Glutaredoxin 1 

Nomenclature 

assigned on Fig 

5.1 

Current 

accession 

number 

Protein Name The method used in 

determining the 

interacting partners 

PF3D7_1437200 PF3D7_1437200 Ribonucleoside-diphosphate reductase Coexpression, 

experiments, and text 

mining 
PF3D7_1212000 PF3D7_1212000 Glutathione peroxidase Neighborhood gene fusion, 

Coexpression, text mining 

GR3 PF3D7_1419800 Glutathione reductase Databases, text mining 

AOA144A3WO PF3D7_1419800 Glutathione reductase Databases, text mining 

trxr2 AF508128 Thioredoxin reductase 2 Databases, text mining 

AOA143ZVU1 PF3D7_0923800 Thioredoxin reductase Databases, text mining 

PF3D7_1232200 PF3D7_1232200 Dihydrolipoyl dehydrogenase Databases, text mining 

PF3D7_0815900 PF3D7_0815900 Dihydrolipoyl dehydrogenase, apicoplast Databases, text mining 

PF3D7_1405600 PF3D7_1405600 Ribonuclease-diphosphate reductase- 

small chain, putative 

Databases 

Tip1 - Truncated isoform PfCtr1 Databases, text mining, 

coexpression, gene fusion 
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5.2.2 An analysis of the AlphaFold structure of PfCtr1 and crystal structure of 

PfGrx1 using a Ramachandran plot 

A Ramachandran plot is a graphical representation of dihedral angles 

belonging to amino acids in proteins. It is used to authenticate protein structures. In 

the present study, a Ramachandran plot was generated through PROCHECK to 

establish the accuracy of the AlphaFold PfCtr1 (Q8IL79) and PfGrx1 crystal structure 

(Q9NLB2) obtained from UniProt (https://www.uniprot.org) and Protein Data Base 

(https://www.rcsb.org), respectively, and used in ClusPro 2.0 protein- protein 

interaction studies. The PROCHECK software evaluates the residue’s geometry and 

gives a stereochemical quality of the structure in use (Agnihotry et al., 2022). Fig 5.2 

A shows that PfCtr1 has 83.3% (184), 14% (31), 1.4% (3), and 1.4% (3) residues 

that belong to the favored regions, additionally allowed regions, generously allowed 

regions, and disallowed regions, respectively.  PfGrx1 in Fig 5.2 B has no residues in 

the disallowed regions, while 94% (94), 4% (4), and 1% (1) of the residues belong to 

favored, additionally allowed, and generously allowed regions, respectively. This 

shows that both structures are of good quality because PfCtr1 has few residues in 

the disallowed region, while PfGrx1 has none. 

 

 
 

Fig 5.2 Ramachandran plot of AlphaFold PfCtr1 and PfGrx1 crystal structures using 
PROCHECK software. A and B illustrate the distribution of the protein’s (PfCtr1 and PfGrx1, 
respectively) main φ-ѱ torsion angles (black squares  relative to the “core” (red  and “allowed” 
(yellow  regions, with residues falling in “generously allowed” (dark yellow , and “disallowed” 
(light green/ and white) regions plotted as red squares and labeled. 
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5.2.3 Validation of AlphaFold structure of PfCtr1 and crystal structure of 
PfGrx1 using the ERRAT program 

The ERRAT program verifies protein structures and uses scores to rate 

overall protein quality. The ERRAT program validated the AlphaFold PfCtr1 and 

PfGrx1 crystal structures used in the interaction studies. The database belonging to 

ERRAT has highly refined structures. The plot usually involves the value graph of a 

nine-amino acid residue sliding window versus the error function (Colovos and 

Yeates, 1993). The basis of the plot is centered on the non-bonded interaction 

statistics between various types of atoms which are calculated by their structure in 

the database. In Fig 5.3 A and B, the overall quality of the input structures (PfCtr1 

and PfGrx1) was 91.4% and 100%, respectively. This implies that the resolution of 

the two structures is between 2-3 Å because the overall score is more than 90%. Fig 

5.3 A has a few red and yellow bars that stand for parts of the structure that are 

problematic in the in-silico analysis regarding the interaction of the two proteins. On 

the other hand, Fig 5.3 B, has no problematic regions, and therefore, reasonably 

accurate results from modeling studies are more likely. 

 

 

Fig 5.3 Validation of the AlphaFold PfCtr1 and PfGrx1 crystal structures. Result ERRAT server 
shows graphs between residues and error values. The overall quality score of the input structure in 
(A) PfCtr1 is 91.379%, while that in (B) PfGrx1 is 100%. 

5.2.4 Determination of protein interaction between PfCtr1 and PfGrx1 using 

ClusPro 2.0 and visualized using PyMOL software. 

Copper transport in Plasmodium falciparum requires protein interaction 

between the protein with bound copper and one without. A protein is required for 

copper to gain entry into and a second protein for copper to be distributed in the 

parasite. Such interaction should occur between the copper transporters involved in 

the copper entry and passing on the copper to another protein for its distribution in 

the parasite. In-silico analysis of the interaction between PfCtr1 and PfGrx1 was 

conducted through ClusPro 2.0 (Desta et al., 2020, Vajda et al., 2017, Kozakov et 

al.,2017, Kozakov et al., 2013) and visualized using PyMOL 

(http://www.pymol.org/pymol).  Fig 5.4, A and B show the PfCtr1 and PfGrx1 

structures, respectively, PfCtr1 obtained from UniProt (Yogavel et al., 2014, Varadi 



109 
 

et al., 2024), and PfGrx1 from a protein data bank (PDB). Fig 5.4 C illustrates the 

highest-ranked docked complex out of the ten models generated. For each cluster, 

the table indicated the docked structures, the structure with the highest number of 

neighbor structures, and the energy of the lowest energy structure in the cluster 

(Table shown in additional information A1). The complex shown is the most 

populated cluster with 124 members and has a center structure with -927.1 kcal/mol 

of energy, and the energy of the lowest energy structure amounting to -1030.5 

kcal/mol. Lower binding energy implies stronger attractive forces between the 

receptor and ligand, which in turn stabilizes the complex (Qureshi et al., 2022). 

 

 
 
Fig 5.4 Interaction between PfCtr1 and PfGrx1 using ClusPro. A. AlphaFold PfCtr1 (Q81L79) 
structure B. PfGrx1 (Q9NLB2) crystal structure C. Complex formed between PfCtr1 and PfGrx1 in 
ClusPro and visualized in PyMOL. 

5.2.5 Potential Interactions between AlphaFold PfCtr1 and PfGrx1 using 

PDBSum program 

To analyze the type of bonds involved in the potential interaction between 

PfCtr1 and PfGrx1, the selected complex generated from ClusPro 2.0 was submitted 

to the PDBSum server to identify the number of amino acids and type of bonds 

involved in the interaction (Fig 5.5 A, and B).  Fig 5.5, A, shows the interaction 

between two proteins through an interface of 35 amino acid residues from PfCtr1 

and 36 amino acid residues from PfGrx1. The complex (PfCtr1-PfGrx1) is held by 

four salt bridges, and thirteen hydrogen bonds. There are 226 non-bonded contacts 

between the two proteins. In Fig 5.5, B a summary of the statistics of the interface 

residues, number of disulfide and hydrogen bonds, and non-bonded contacts are 

shown, data that indicates a potential interaction between PfCtr1 and PfGrx1. 
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Fig 5.5 Schematic diagram of the interactions between PfCtr1 and PfGrx1 of the PDBSum 
generated complex. A. Interacting chains are joined by colored lines, each representing a different 
type of interaction, as per the key above. The area of each circle is proportional to the surface area of 
the corresponding protein. The extent of the interface region on each chain is represented by the 
wedge (red and purple) whose size signifies the interface surface area. B. Indicates the interface 
statistics. Data was generated from PDBsum (Laskowski., 2001). 

5.2.6 Interaction plot for the complex formed between PfCtr1 and PfGrx1 as 

generated by PDBsum software 

PDBSum software was used to establish the amino acid residues and type of 

bonds used to interact with the proteins in the complex generated from ClusPro 2.0. 

In Fig 5.6, many amino acids are shown to be involved in the interaction between the 

proteins. PfCtr1 has three transmembrane regions that span from amino acid 

residues 116-133, 166-183, and 188-205 (Choveaux et al., 2012). Therefore, any 

possible interaction with this protein in biological processes in the cytoplasm is only 
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likely to occur with amino acid residues in positions 134-165 and 206-235 (Fig 5.7). 

When the diagram is analyzed, the PfGrx1 interacts with PfCtr1 using aspartate and 

phenylalanine at positions 229 and 226, respectively, through two hydrogen bonds, 

one salt bridge, and hydrophobic interaction (Fig 5.6, 5.7). This result suggests that 

there is a possibility that PfGrx1 can interact with and receive copper from PfCtr1. 

The ClusPro program results also show that PfGrx1 can potentially interact with 

amino residues located between the 2nd and 3rd transmembrane regions from the N-

terminus of PfCtr1 and with amino acid residues at 180, 183, and 199, which are part 

of the MXXXM and GXXXG copper-binding motifs (Fig 5.7).  However, this is unlikely 

under physiological conditions as the PfGrx1 is on the cytosolic side of the 

membrane (Fig 5.7). Interestingly, human red blood cell Grx1 (HsRBC Grx1) which 

shares valine, leucine, isoleucine, phenylalanine, asparagine, lysine, tyrosine, 

proline, glycine, glutamine, threonine and arginine with PfGrx1 protein (Fig 5.8), may 

interact with residues on the N-terminal and some residues that are part of the 

MXXXM and GXXXG copper-binding motifs (Fig 5.9). These findings suggest that 

there is a possibility that HsRBC Grx1, which is located extracellularly, may interact 

with PfCtr1 due to the shared residues with PfGrx1 that participate in the interaction 

(additional information A2). 

 

 

Fig 5.6 PDBsum interaction plot for AlphaFold PfCtr1 and PfGrx1 crystal structures. 
The plot indicates hydrogen bonds (blue lines), nonbonded contacts (orange tick marks 
(banding pattern), and salt bridges (red lines) between residues on either side of the 
protein‐protein interface.  



112 
 

 

Fig 5.7 Schematic picture of the membrane topology and key features of PfCtr1. Three 
transmembrane (TM) (1-3), extracellular amino-terminal (Nt), and intracellular carboxy-terminal (Ct) 
domains. The start and end of each TM is shown on the diagram (116-133, 166-183, and 188-205).  

 

Fig 5.8 Alignments of amino acid sequence of Grx1 from Plasmodium falciparum and Homo 
sapiens. The amino acid sequence of Grx1 from P. falciparum and H. sapiens were aligned using 
ClustalW (Thompson et al., 2003). Conserved Residues are indicated by *, while : represents a 
conserved and . indicates a semi-conserved amino acid substitution. The amino acids in yellow are 
common in both amino acid sequences PfGrx1 and HsGrx1 (https://www.ebi.ac.uk › thornton-srv › 

databases › pdbsum) 

 

 

Fig 5.9 PDBsum interaction plots for the interface between the PfCtr1 and HsGrx1.  A plot of 

hydrogen bonds (blue lines), non-bonded contacts (orange tick marks (banding pattern), and salt 

bridges (red lines) between residues on either side of the protein‐protein interface are shown on the 

diagram. The * indicates the amino acid residues common in both PfGrx1 and HsGrx1 that interact 

with PfCtr1(https://www.ebi.ac.uk › thornton-srv › databases › pdbsum  
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5.2.7 Prediction of possible clefts on AlphaFold PfCtr1 structure using the 
SURFNET program 

The size of the cleft in the protein’s surface is of primary importance in 

determining how proteins interact with one another (Laskowski et al., 1996). The 

PDBSum predicted clefts on the PfCtr1 where PfGrx1 could bind. In Fig 5.10, A, B, 

and C, three different orientations of PfCtr1 with clefts indicated in different colors 

according to their size and volume are shown. Other characteristics are outlined in 

table (D) on the right of Fig 5.10. The calculation of the cleft regions in PDBsum is 

done via the SURFNET program (https://www.ebi.ac.uk). The analysis shows that 

the red cleft is the largest and deepest cleft.  According to Laskowski et al., 2017, the 

largest cleft is the most probable binding site of a ligand (Laskowski et al., 2017). 

Interestingly, this cleft contains aspartate that appears to bind with two hydrogen 

bonds and a salt bridge to histidine and serine of PfGrx1 (Fig 5.7, 5.8 D). 

Phenylalanine is also part of the cleft and interacts through hydrophobic bonds with 

glycine and leucine amino acids (Fig 5.7, 5.10 D). This data implies that PfGrx1 may 

bind in the largest cleft colored red (Fig 5.10 D). 

 

Fig 5.10 Clefts on the protein AlphaFold surface structure of PfCtr1. Three orientations (A, B, 
and C) of protein structure with highlighted clefts (marked in various colors that correspond to those in 
Table D) are illustrated for the protein. A table is included with details on the pocket's volume, R1 
ratio, depth, and residue type are visible on the right; the coloring of the residues involved is below the 
table. Data is generated from PDBsum (Laskowski., 2001).  

5.2.8 Molecular Dynamics Simulation (MDS) 

The CABS-flex 2.0 server was utilized to perform a molecular dynamics 

simulation (MDS) at default settings to determine the changes the protein structures 

will have after the two proteins have interacted. This algorithm used by the server 

emulates the alterations in biological structures (Badar et al., 2022). The fluctuations 

in the amino acids during a 10 ns molecular dynamics simulation of unbound PfGrx1 

and the structure of PfGrx1 bound to PfCtr1 are shown in Fig 5.11 A. The use of     

10 ns molecular dynamics simulation is supported by Bourne et al., 1995). 
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Additionally, Fig 5.11, B shows the unbound PfCtr1 and bound structure of PfCtr1 to 

PfGrx1. There was a significant statistical difference between the unbound (PfGrx1 

and PfCtr1) and bound PfCtr1 (P≤ 0.0001), and PfGrx1 (P≤ 0.05) structures, 

respectively. This suggests a potential interaction between the two proteins. Further 

analysis of the PfGrx1 simulation showed that between amino acid residues 40 to 

60, and 60 to 80 in Fig 5.11 A is where possible interaction would occur. These two 

regions encompass amino acid residues at 46, 47, and 67 (Fig 5.7, 5.11 A). PfCtr1 

equally has two regions starting from amino acids 0 to 50, and 150 to 200 which 

corresponds to a likely interaction at positions 32 – 48 and 183 – 191 as shown in 

Fig 5.7, and 5.11 B. This suggests a potential interaction between PfCtr1 and PfGrx1 

as predicted by the ClusPro 2.0 program. However, the interaction regions of PfCtr1 

are either on the extracellular N-terminus or the loop with the MXXM copper-binding 

motif which makes the potential interaction with PfGrx1 less likely unless hRBC Grx1 

is involved as earlier explained in 5.2.6. 

 
 

Fig 5.11 Molecular dynamics simulation of the unbound and bound crystal structure of PfGrx1 
and AlphaFold PfCtr1 structure, respectively. A. Fluctuation plot of the number of amino acid 
residues of unbound (blue) and bound (orange) PfGrx1. B. Fluctuation plot of the number of the 
amino acid residues of unbound (blue) and bound (orange) PfCtr1. The results indicate a significant 
difference between the unbound and bound structures of PfGrx1(P≤ 0.05) and PfCtr1 (P≤ 0.0001), 
respectively (Karplus and Petsko., 1990). 
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5.2.9 An assessment of AlphaFold PfCuATPase and PfGrx1 crystal structures 

using Ramachandran plot 

 PROCHECK software was used to assess the quality of AlphaFold 

PfCuATPase (Q813A0) and PfGrx1 (Q9NLB2) crystal structures by utilizing the 

Ramachandran plot. Fig 5.12, A shows that 55.2% of the residues belong to the 

most favored regions, while additional allowed, generously allowed, and disallowed 

regions accounted for 18.8%, 10.3%, and 15.7%, respectively. However, a good-

quality structure should have >90% of its amino acid residues in the most favored 

regions (Rai et al., 2012). Protein-to-protein analysis using a structure such as this 

one still produces good results because more than half of the residues are found in 

the most favored regions. Refinement of PfCuATPase could have helped with the 

upward adjustment of the structure quality, nevertheless, PfCuATPase has more 

than 1000 amino acid residues which was the limit in the GalaxyWEB refinement 

server (Ko et al., 2012) (http://www.galux.co.kr/). Fig 5.12 B shows the results 

highlighted in section 5.2.2.  

 

Fig 5.12 Ramachandran plot of the AlphaFold PfCuATPase and PfGrx1 crystal structures using 
PROCHECK. A PfCuATPase and B PfGrx1 illustrate the distribution of the protein’s (PfCuATPase 
and PfGrx1, respectively main φ-ѱ torsion angles (black squares  relative to the “core” (red  and 
“allowed” (yellow  regions, with residues falling in “generously allowed” (dark yellow , and “disallowed” 
(light green/ and white) regions plotted as red squares and labeled. 

5.2.10 Evaluation of the AlphaFold PfCuATPase and PfGrx1 crystal structures 

using ERRAT program 

In Fig 5.13 A (i-ix), the ERRAT score for PfCuATPase was 58.229%, which is 

below the recommended threshold percentage. When the graph was analyzed, there 

were many red bars between 80-380 amino acid residues, and above 600 to 1480 

amino acid residues. The red and yellow bars are not predominant above 1480 

amino acid residues (Fig 5.13 A (v-ix). This shows that the software could not detect 

the problematic regions of the protein with accuracy, a fact that affects the quality of 

the structure. Those regions of the structure that are yellow can be rejected at a 95% 

confidence level; 5% of a good protein structure may have an error value above this 

level. Those regions in red are rejected above 99% level of confidence. However, the 
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structure was used in the interaction studies because the quality of the structure was 

above 50% (Messaoudi et al., 2013). Fig 5.13 B shows a 100% score for PfGrx1 as 

earlier determined in section 5.2.2. The reason for the low percentage of ERRAT 

score of AlphaFold PfCuATPase structure may emanate from a lack of cofactors, 

metal ions, or bound ligands, factors that affect the quality of AlphaFold structures. 

The AlphaFold PfCuATPase structure has no ADP or ATP bound (Hekkelman et al., 

2023).  
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Fig 5.13 Validation of the AlphaFold PfCuATPase, and PfGrx1 crystal structures. ERRAT server 
illustrates the graphs between residues and error values. The overall quality score of the input 
structure of A. PfCuATPase in (Q813A0) [(i-ix)]) is 58.229%, while that for B. PfGrx1 in (Q9NLB2) 
[(i)]) is 100%.  
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5.2.11 Interaction analysis between AlphaFold PfCuATPase and PfGrx1 crystal 

structures using ClusPro 2.0  

Fig 5.14 A and B show the AlphaFold PfCuATPase and PfGrx1 crystal 

structures obtained from UniProt (https://www.uniprot.org) and the protein data bank, 

respectively. Fig 5.14 C shows a complex structure of PfCuATPase and PfGrx1, 

which was selected based on the high number of members (107) in the set of 

structures. The center structure has an energy of -846.3 kcal/mol, while the energy 

of the lowest energy structure in the cluster is -1029.2 kcal/mol (Table is shown in 

additional information B1). This suggests that the complex generated by the ClusPro 

program is stable (Qureshi et al., 2022). 
 

 

Fig 5.14 Interaction between PfCuATPase and PfGrx1 using ClusPro 2.0. A. PfCuATPase 
AlphaFold structure (Q813A0) B. PfGrx1 crystal structure (Q9NLB2) C. Complex formed between 
PfCuATPase and Pfgrx1 in ClusPro and visualized in PyMOL. NOTE: The protein structures are sized 
and position so exposed the point of attachment when a complex is formed. 

5.2.12 Statistical descriptives for the interaction between PfCuATPase and 

PfGrx1 complex as established by the PDBsum program 

Using a complex of PfCuATPase and PfGrx1, analyses from the PDBSum 

program produced statistical data that showed the potential interaction between the 

two proteins. It was observed that the proteins in the complex interacted through an 

interface of 20 amino acid residues from PfCuATPase and 18 from PfGrx1 (Fig 5.15 

A). The complex is held by two hydrogen bonds and 155 non-bonded contacts, as 

indicated in the statistical summary table in Fig 5.15 B. When Fig 5.16 is analyzed, 

the interaction occurs through two hydrogen bonds at amino acid residues 1560 

located in the transmembrane two region and 1876 on the extracellular loop 

connecting the transmembrane regions three and four. This data suggests that 

PfCuATPase may potentially interact with PfGrx1 on the outside of the cell though 

not at physiological conditions because PfGrx1 is located intracellularly, thus, the 

likely interaction with PfCuATPase is on the N-terminus, intracellular loops, 

transmembrane regions and the C-terminus all of which are intracellular (Fig 5.16).
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Fig 5.15 Schematic diagram of the interaction between PfCuATPase and PfGrx1 of the 
PDBsum generated complex. A. Colored lines join interacting proteins, each representing a different 
type of interaction, as shown in the key above. The area of each circle is proportional to the surface 
area of the corresponding protein chain. The extent of the interface region on each chain is 
represented by the wedge (red and purple) whose size signifies the interface surface area. B. 
Indicates the interface statistics concerning the number of residues involved in the interface of each 
chain, interface area, number of salt bridges, number of disulfide bonds, and number of non-bonded 
contacts (Laskowski, 2001) 
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Fig 5.16 Schematic picture of the membrane topology and key features of PfCuATPase. Six 
transmembrane (TM) (1-6), intracellular amino-terminal (Nt), and carboxy-terminal (Ct) domains. The 
amino acid residue involved in the start and end of each TM is shown on the diagram (1517-1540, 
1553-1553, 1837-1861, 1878-1902, 2505-2528, 2441-2565). Source: M. Kwangu. 

5.2.13 Interaction plot for the complex formed between AlphaFold PfCuATPase 

and PfGrx1 crystal structures. 

When the PfCuATPase-PfGrx1 complex was submitted to the PDBsum server 

for analysis, the interaction in Fig 5.17 between the two proteins was generated. Fig 

5.17 shows the type of bonds involved and the amino acid residues forming these 

bonds. PfCuATPase is a P1B-1 type of ATPase that possesses transmembrane 

helices with Metal Binding Domains (MBD) in the cytosolic N-terminal region and 

serves to export copper from inside cells (Palmgren, 2023; Lutsenko et al., 2007; 

Arguello et al., 2007). Prediction of transmembrane regions using the HMMTOP 

server (http://www.enzim.hu>hmmtop) yielded six transmembrane helices (Fig 5.16). 

The most important feature of these                  Cu-ATPases from bacteria, and 

humans, is the presence of transmembrane metal-binding sites (Arguello et al., 

2003; Gonzalez-Guerrero et al., 2008a; Mandal et al., 2004). The transmembrane 

helices of PfCuATPases span from amino acid residue 1517 – 1540, 1553 – 1577, 

1837 – 1861, 1878 – 1902, 2505 – 2528, and 2541 – 2565 (Fig 5.16). Therefore, 

PfGrx1 will potentially interact with the cytosolic N- and C- terminus, and cytosolic 

loops of PfCuATPase under physiological conditions. However, findings from the 

modeling show that the potential interaction occurs with amino residues in 

transmembrane helices number 2, 3, and 4 of PfCuATPase (Fig 5.16, 5.17). 

According to Solioz and Vulpe., 1996, PfCuATPase has a metal-binding motif that 

stretches from amino acid residue 403 to 408 at the N-terminal region before the first 
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predicted transmembrane helix, and Rasoloson et al., 2004 showed that this region 

in malaria protein binds copper (I). Nevertheless, copper (I) in some instances is 

delivered directly to the transmembrane metal binding sites (without involving N-

terminal metal binding domains) through a copper chaperone, which is required to be 

near the transmembrane-metal binding sites for the transfer of copper to take place 

(Gonzalez-Guerrero et al., 2008b; 2009). Using this scenario, it is proposed that 

there is a likelihood that PfGrx1 may pass copper (I) to the PfCuATPase for 

secretion, provided the PfGrx1 is near the amino acid residues that are part of the 

transmembrane metal binding sites. Other interactions between PfCuATPase and 

PfGrx1 that are unlikely to occur under physiological conditions include interactions 

with amino acids at positions 1861, 1862, and 1876 located on the extracellular side 

of the membrane (Fig 5.16, 5.17), This is because PfGrx1 is located in the cytoplasm 

of the parasite hence it is unlikely to interact with amino acids on the extracellular 

loop. 

 

 

Fig 5.17 PDBsum interaction between the PfCuATPase and PfGrx1.  Hydrogen bonds (blue lines), 
non-bonded contacts (orange tick marks/banding pattern), and salt bridges (red lines) between 
residues on either side of the protein‐protein interface are shown on the diagram.  

5.2.14 Prediction of possible PfCuATPase’s clefts used for the possible 

interaction with PfGrx1 

PDBSum servers generated possible interaction sites of PfCuATPase with 

PfGrx1. Fig 5.18 A, B, and C show three different orientations of the PfCuATPase 

structure with clefts indicated in various colors. These are in different sizes and 

depths as shown in Fig 5.18, D. The cleft in red is the largest and deepest, thus the 

most likely interaction site with PfGrx1 protein (Leskowski et al., 2017). The amino 

acids belonging to PfCuATPase shown to interact with PfGrx1 (Fig 5.15) seem to be 

concentrated in the red cleft, making it a likely site for the protein-to-protein 

interaction (Fig 5.18 D). This association may aid the movement of copper from 

PfGrx1 to the PfCuATPase and finally out of the parasitic cell in scenarios explained 

in 5.3.3. 
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Fig 5.18 Surface clefts of the AlphaFold PfCuATPase structure. Three orientations of the protein 
structure with different sizes and depths of the clefts (A, B, and C) (marked in various colors that 
correspond to those in Table D) are shown in the diagram. D. Table with details on the pocket's 
volume, R1 ratio, depth, and residue type. Additionally, the colors representing residues involved are 
indicated below the table. Data is generated from PDBsum (Laskowski., 2001). 

5.2.15 Validation of AlphaFold PfCox17 and PfGrx1 crystal structures 

The PROCHECK ERRAT and Ramachandran plot online programs validated 

the AlphaFold PfCox17 (Q8IJE6, from UniProt) and PfGrx1 crystal structures. The 

results for PfCox17 showed 1.7% of amino acid residues in the disallowed region 

and 85% of the amino acid residues in the most favored region (Fig 5.19). The result 

from the ERRAT quality check was 94.872% (Fig 5.20 A). This implied that the 

PfCox17 structure was of good quality and good for the modeling studies. The 

results for the PfGrx1 crystal structure are as outlined in section 5.2.2. 

 

Fig 5.19 Ramachandran plot of AlphaFold PfCox17 and PfGrx1 crystal structures using 
PROCHECK software. A PfCox17 and B. PfGrx1 illustrate the distribution of the protein’s 
(PfCox17 and PfGrx1, respectively) main φ-ѱ torsion angles (black squares) relative to the 
“core” (red  and “allowed” (yellow  regions, with residues falling in “generously allowed” (dark 
yellow), and “disallowed” (light green/ and white  regions plotted as red squares and labeled. 
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Fig 5.20 Validation of the AlphaFold PfCox17, and PfGrx1 crystal structures. Result ERRAT 
server shows graphs between residues and error values. The overall quality score of the input 
structure in (A) PfCox17 is 94.872%, while that in (B) PfGrx1 is 100%. 

5.2.16 Potential interaction between AlphaFold PfCox17 and PfGrx1 crystal 

structures  

Understanding the entry and distribution of copper in the malaria parasite is 

important to unlocking some potential drug targets. The interaction between PfCox17 

and PfGrx1 may provide answers to questions surrounding copper movement from 

the parasite plasma membrane, through the cytosol and to the mitochondria. 

Subcellular fractionation experiments in yeast reveal that Cox17 is localized in both 

the cytosol and intermembrane space (Beers et al., 1997). Choveaux et al., 2015 

demonstrated that PfCox17 is present in the cytosol in all three erythrocytic parasitic 

asexual developmental stages. Having established a possible interaction between 

PfGrx1 and PfCtr1 in section 5.2.5, PfGrx1 may interact with PfCox17 and provide a 

model for copper movement from PfCtr1 to the mitochondria. To achieve the latter, 

modeling to determine the potential interaction between PfCox17 and PfGrx1 was 

conducted using ClusPro 2.0. Fig 5.21 A and B indicate PfCox17 and PfGrx1 

structures, respectively. In Fig 5.21 C a complex of PfCox17_PfGrx1 is shown as 

generated from the ClusPro program (Table with cluster scores indicated in 

additional information C1). PfCox17 and PfGrx1 interact through interfaces formed 

by 13 residues from PfCox17 and 18 residues from PfGrx1, including six salt 

bridges, nine hydrogen bonds, and 199 non-bonded contacts (Fig 5.22, A and B). Fig 

5.23 shows the interaction diagram between PfCox17 and PfGrx1, notably, cysteine 

residues (C26 and C27) are thought to bind copper (I) (Choveaux et al., 2015) and 

interact with PfGrx1 on amino acid residues 7 and 11 (5.23). This may suggest that 

PfCox17 may receive copper (I) from PfGrx1 and potentially shuttle it to the 

mitochondria. The table in Fig 5.24 D, shows the various sizes and depths of the 

clefts indicated by different colors. The interaction of PfGrx1 could have potentially 

been in the cleft with red color as shown in Fig 5.24 A, B, and C. 
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Fig 5.21 Interaction between PfCox17 and PfGrx1 using ClusPro.  A. AlphaFold PfCox17 
structure (UniProt, Q8IJE6) B. PfGrx1 crystal structure (PDB, Yogavel et al., 2014) C. Complex 
formed between PfCox17 and PfGrx1 in ClusPro and visualized in PyMOL. 

 

 

 

Fig 5.22 Schematic diagram of the interaction between PfCox17 and PfGrx1 of the 
PDBSum generated complex. A. Interacting chains are joined by colored lines, each 
representing a different type of interaction, as shown in the key above. The area of each circle 
is proportional to the surface area of the corresponding protein chain. The extent of the 
interface region on each chain is represented by the wedge (red and purple) showing the 
interface surface area. B. Indicates the interface statistics concerning the number of residues 
involved in the interface of each chain, interface area, number of salt bridges, number of 
disulfide bonds, and number of non-bonded contacts. 



125 
 

 

Fig 5.23 PDBsum interaction plots for the interface between the PfCox17 and PfGrx1. Hydrogen 
bonds (blue lines), non-bonded contacts (orange tick‐marks/banding pattern), and salt bridges (red 

lines) between residues on either side of the protein‐protein interface are shown on the diagram. 

 
 

 

Fig 5.24 Clefts on the protein AlphaFold surface structure of PfCox17. Three orientations (A, B, 
and C) of protein structure with highlighted clefts (marked in various colors that correspond to those in 
Table D) are illustrated for the protein. A table is included with details on the pocket's volume, R1 
ratio, depth, and residue type are visible on the right; the coloring of the residues involved is below the 
table. Data is generated from PDBsum (Laskowski, 2001). 
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Chapter 6 

Molecular docking of copper onto seven plasmodial copper-binding proteins 

6.1 Introduction 

Various proteins bind metals, and those that bind metal ions such as iron are 

important in cellular biological processes (Crichton et al., 2002). Copper is vital for 

the survival of the malaria parasite (Asahi et al., 2014). The parasite appears to 

obtain copper through the Ctr1 protein and secrete copper via CuATPases (Ӧhrvik et 

al., 2017). Human Grx1 has been shown to play a role in the cytosolic movement of 

copper from Ctr1 to the copper-secreting ATPase protein (Maghool et al., 2020), 

thus, the PfGrx1 may play a similar function. PfSAHH may be involved in cytosolic 

copper metabolism (Bethin et al., 1995). Inside the parasite mitochondrion, Cox17 

passes copper to Cox11 and Sco1 which metalates CuA sites of cytochrome c 

oxidase (Robison and Winge., 2010). Information on human Cox19 shows that it 

interacts with Cox11 (Nývltová et al., 2022). All these proteins have been reported to 

bind copper. However, experimental determination of metal-binding sites on proteins 

is a difficult and involved process. Different specialized techniques like absorption 

spectroscopy, and resonance spectroscopy are required. Computational methods 

have been employed to analyze the metal-binding sites of proteins to provide an 

accessible evaluation (Lu et al., 2022). 

6.2 Results and Discussion 

6.2.1 Molecular docking of copper with PfCtr1 involved in the potential uptake 

of copper 

Molecular docking was conducted to establish the copper binding and binding 

sites for PfCtr1 using a Metal Ion-Binding (MIB2) site prediction and modeling server 

(http://combio.life.nctu.edu.tw/MIB2/). According to Puig et al., 2002, copper may 

bind to the MXXXM (180-185) copper-binding motif of the PfCtr1 protein. The 

GXXXG motif is conserved in Ctr1s from most species (Choveaux et al., 2012) and 

may play a role in the ability of Ctr1 to bind copper. Fig 6.1 A, I, and II show the 

complex of PfCtr1 and copper (I) with the highest score of 4.929 and binding 

residues histidine (H) and aspartate (D) at positions 79 and 80, respectively. Human 

Ctr1 has two Histidine-rich regions thought to have a role in copper binding (Puig et 

al., 2002). Therefore, there is a possibility that H79 in PfCtr1 could be involved in 

copper binding (Fig 6.1 A I). Fig 6.1, III shows the top four complexes with the 

highest binding scores and the most likely copper binding sites which are 79H and 

80D, 36C, 38H, and 41C, 38H and 40C, and 119S and 123C. The additional 

information section shows the table showing the remaining complexes with lower 

scores generated during the docking experiment.  



127 
 

 

 

Fig 6.1 Docking of copper (I) onto PfCtr1 which is involved in copper entry into the 
Plasmodium falciparum parasite. A, I. The PfCtr1 crystal structure with copper (I) bound. II. 
PfCtr1_Cu complex (binding score of 4.929) with histidine (79) and aspartate (D) as copper-
binding amino acid residues. III. The table contains four PfCtr1_Cu complexes with the 
highest binding scores. 

6.2.2 Determination of copper-binding to Plasmodium falciparum proteins 

involved in cytosolic copper distribution in the parasite 

Like the human Grx1, PfGrx1 may have a role in the cytosolic distribution of 

copper. Cytosolic PfSAHH is involved in copper metabolism though the exact role is 

not yet established. Computational analyses in Figs 6.2 A, I, and II show that copper 

(I) binds to cysteine 29, 32 (CXXC), and serine residue at position 74 of PfGrx1. 

Kusakabe et al., 2015, showed that copper may bind to the cofactor binding glycine-

rich (264-271) region (GXGXXGXG) of the SAHH protein. In Fig 6.2 B I and II, 

PfSAHH docking results indicated that copper (I) may bind to glutamate (E) and 

cysteine (C) positioned at amino acid residues 167 and 171, respectively. Further 

analysis indicated that another PfSAHH_Cu complex may bind copper (I) at amino 

acid residues 239 (cysteine), 271 (glycine), 272 (cysteine), and 319 (cysteine) with a 

low binding score (2.953) (Fig 6.2 B IV and V). This finding aligns with what 

Kusakabe et al., 2015 reported in mouse SAHH where cofactors like metal ions like 

copper bind in the glycine-rich region. Mouse SAHH is 97% identical to hsSAHH 

which is similar to PfSAHH (Coulter-Karis et al., 1989). Amino acid residue at 271 

which has been shown to bind copper in the model is part of the glycine-rich region 

(Singh et al., 2016). 
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Fig 6.2 Analyses of copper (I) docking onto PfGrx1 (Q9NLB2) and PfSAHH (P50250) 
involved in cytosolic copper distribution in the parasite. A, I. The PfGrx1 crystal structure 
is complexed with copper (I). II. PfGrx1_Cu complex (binding score of 4.141) with cysteines 
29, and 32, and serine at position 74 as copper-binding amino acid residues. III. The table 
contains four PfGrx1_Cu complexes with the highest binding scores. B. I and II, Crystal 
structure of PfSAHH with copper bound to cysteines 239, 272, and 319, and glycine at 271, III 
Table showing the position of the complexes generated from MIB2 server (Lu et al., 2022). 
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6.2.3 Computational analyses of copper binding to plasmodial proteins 

involved in the mitochondrial distribution of copper  

Molecular docking of copper onto different copper-binding proteins (PfCox17, 

PfCox11, and PfSco1) was performed and analyzed. Fig 6.3 A I and II indicate that 

copper (I) binds to histidine 55 and cysteine 58 (binding score 2.760), though 

laboratory evidence in yeast shows that any cysteine outside the CCXC motif is non-

essential for copper (I) binding (Heaton et al., 2000). When the rest of the 

PfCox17_Cu complexes were further examined, one complex with a lower binding 

score (1.279) compared to the one presented in Fig 6.3 A I and II was found to bind 

copper (I) at cysteine 26 and 27, residues that form CCXC motif in P. falciparum 

Cox17. In yeast, the substitution of C23, C24, or C26, (C23C24XC26, CCXC) of 

Cox17 led to the decreased binding capacity of the protein while a double mutant of 

C23, and C24 completely made the protein fail to bind copper (I) (Heaton et al., 

2000). However, another report in yeast by Abajian et al., 2004, demonstrated that 

copper (I) binds to amino acid residues C23 and C26 which are still part of the CCXC 

motif. Copper (I) in human Cox17 is held by C22 and C23 which are part of the 

C22C23XC24 (CCXC) motif (Banci et al., 2008). Further, Choveaux et al., 2015, 

suggested that copper (I) binds to the C26C27XC29 (CCXC) motif of PfCox17 at 

amino acid residues 26 and 27 respectively. In the present docking study, copper (I) 

is shown to bind to C26 and C27 which are part of the CCXC motif of the P. 

falciparum Cox17. This finding supports the previous laboratory findings in yeast and 

mammalian cells that determined that copper (I) binds to the CCXC motif.  Fig 6.3 B I 

and II are PfCox11 with copper (I) bound to cysteine residues at positions 155 and 

157 that form the CXC motif. Salman et al., 2022, demonstrated that C157 is 

essential for copper (I) binding compared to C60 when site-directed mutagenesis 

was performed; however, C155 was not mutated. In yeast, mutation of the two 

cysteines that form the C208XC210 (CXC) motif led to a significant loss of copper 

from the protein (Carr et al., 2002). When copper (I) was docked with PfSco1, C159, 

C163 (CXXXC), and H264 was found to coordinate the binding of copper (I) (Fig 6.3 

C, I and II). Mutating the two cysteines in the CXXXC motif has been shown to affect 

the copper binding function of Sco1 in yeast cells (Rentzsch et al., 1999). In human 

Sco1, C169, and C173 that form the CXXXC motif has been shown to bind copper (I) 

together with amino acid residue histidine at position 260 (Banci et al., 2006).  

Bacillus subtilis Sco1 has been shown to bind copper (I) through C45, and C49 

which are part of the CXXXC motif and histidine at position 135 (Balatri et al., 2003). 

The docking results, therefore, support the laboratory findings of Sco1 from other 

organisms.   Interacting with PfCox11, one of the copper-binding proteins known to 

distribute copper in the mitochondria, is PfCox19 (Bode et al., 2015). After molecular 

docking with copper (I), C34 and C45 (CX10C) were identified as copper-binding 

residues (Fig 6.3 D, I and II). Another complex of PfCox19_Cu generated from the 

MIB2 server showed a CX9CC motif with copper binding residues located at C34, 

C44, and C45), with a binding score (3.239) lower than the highest-ranked complex 

which had a binding score of 5.362 (Fig 6.3, D III and VI). In yeast, proximal cysteine 

amino acid residues (C30 and C62) in the CX9C motif are essential in copper (I) 

binding (Rigby et al., 2007). Salman et al.,2023, suggested in their report that the 

CX9C copper-binding motif might be involved in copper (I) binding that was observed 

in various copper binding assays conducted, though site-directed mutagenesis 
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experiments were not carried out to establish which cysteines are involved. The 

bioinformatics analyses indicate also that proximal cysteines are involved in copper 

binding like what is observed in yeast cells (Rigby et al., 2007) 
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Fig 6.3 Docking of copper (I) with PfCox17(Q8IJE6), PfCox11(Q8IK85), PfSco1(Q8IC00), and 
PfCox19(Q8I627). A, I. The PfCox17 crystal structure, with copper (I) bound. II. PfCox17_Cu complex 
(binding score of 2.760) with histidine and cysteine at 55 and 58 respectively, as copper-binding sites. 
IV. and V PfCox17_Cu complex (with a binding score of 1.279) with C26, and C27, as binding amino 
acid residues for copper (I). III and VI. Tables that contain PfCox17_Cu complexes with binding 
scores. B. I and II PfCox11 crystal structure complexed with copper (I) (with a binding score of 8.256) 
at cysteines 155 and 157. C. I and II Crystal structure of PfSco1 (binding score of 8.385) with copper 
bound to C159, C163, and H264. D. PfCox19 crystal structure (I, II, IV, and V) with bound copper and 
binding sites at C34 and C45 in the complex ranked number 1, and C34, C44, and C45 in structure 
ranked 5 with a binding score of 3.239 respectively. The docking was performed using an MIB2 server 
(Lu et al., 2022). 
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Chapter 7 

 General Discussion 

7.1 Overview of Malaria  

Malaria causes severe loss of human life in Africa particularly in sub-Saharan 

Africa where the disease is endemic. The groups at higher risk are children under 

the age of five and expecting mothers. This has prompted many interventions toward 

the elimination of malaria (Shretta et al., 2018). However, the parasite has a 

complicated life cycle that makes prevention and treatment options difficult 

(Greenwood., 2017, Marsh et al., 2024). Despite a breakthrough with the malaria 

vaccine that was announced in 2021 by the WHO, malaria elimination has remained 

challenging (WHO., 2021, Hassan et al., 2022, Duffy., 2022). Additionally, there is a 

reported emergence of drug-resistant parasites in Uganda against the artemisinin-

based combination therapies (ACT) which is the first-line treatment for Plasmodium 

falciparum (Ikeda et al., 2018, Conrad et al., 2023, Rosenthal et al., 2024a, 

Rosenthal et al., 2024b). Arising from this, a search for new antimalarial drug targets 

is important. To effectively eliminate the parasite, various drug developments have 

targeted the transcription and protein synthesis, transport, and membrane structure 

of the malaria parasite (Flannery et al., 2013, Cowman et al., 2016, Blasco et al., 

2017). Similarly, copper transport in the parasite can be investigated to determine 

whether it is a potential novel drug target. Such undertakings may contribute to the 

fight against malaria because the survival of the malaria parasites depends on the 

use of membrane transport proteins in the uptake of nutrients, waste product 

discharge from the cell, and safeguarding ion homeostasis (Weiner et al., 2016). The 

membrane transport proteins perform these functions in conjunction with intracellular 

transport proteins that also play a role in the distribution of various nutrients including 

metal ions (Martin., 2020) 

7.2 The current knowledge on the copper homeostasis in Plasmodium 

falciparum 

The previous and present studies have identified 19 genes that code for 

copper-binding proteins from the Plasmodial genome. However, only 7 have been 

characterized (Rasoloson et al., 2004, Choveaux et al., 2012, 2015, Munsami., 2022, 

Salman et al., 2022, 2023). Copper sources for the parasite may be from the host 

cells through different channels. The parasites ingest the host’s cytoplasm at the 

blood stage with Cu/Zn superoxide dismutase enzyme, catalase, and hemoglobin. 

These are taken up through the cytostome and deposited in the food vacuole where 

copper is released from the digestion of Cu/Zn SOD (Rasoloson et al., 2004, Olliaro 

et al., 1995). However, some Cu/Zn SOD may escape digestion and remain in the 

vacuole or move to the cytosol of the parasite (Olliaro et al., 1995). Previous studies 

have established that the malaria parasites are deficient in Cu/Zn and catalase 

enzymes, thus making the host cellular proteins one of the possible sources 

(Fairfield et al., 1983. 1986). However, the copper present in the parasite is more 

than that in Cu/Zn SOD (Fairfield et al., 1983); therefore, there must be another 

source of copper for the parasite.  Another way that copper gets into the parasite has 

been proposed to be through transport across the parasitic membrane by PfCtr1, 

while PfCuP-ATPase has been proposed to export copper from the parasite to the 
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host red blood cell (Choveaux et al., 2012, Rasoloson et al., 2004). CuATPase 

attached to intracellular organelles like endoplasmic reticulum in P. berghei is 

proposed to have a role in copper homeostasis and is more likely to be implicated in 

copper export to the host cells when the CuATPase translocates to the parasite 

membrane (Kenthirapalan et al., 2014, Docampo., 2024). This evidence suggests 

that ATPases in most organisms maintain the level of copper below the toxic 

concentrations inside cells. This is done by exporting the excess copper to the 

extracellular compartment. The function of the ATPases in Plasmodium is 

comparable to the role of ATP7A/7B in humans (Hasan and Lutsenko., 2012, La 

Fontaine and Mercer., 2007). The movement of copper in the Plasmodium 

falciparum from Ctr1 to the PfCuP-ATPase has not been elucidated. In humans, 

plants, and yeast, Atox1 transports copper from Ctr1 to ATP7B (Lin et al., 1995, 

Öhrvik et al., 2014, Maghool et al., 2020, Lutsenko., 2021), nevertheless, in humans, 

Grx1 has been proposed to offer an alternative pathway for the transport of copper to 

ATP7B (Maghool et al., 2020). ATP7A/B are located in the trans-Golgi network (TGN) 

and move to the parasitic membrane to give off excess copper to the host cells 

(Yamaguchi et al., 1996, Hung et al., 1997, Petris et al., 1996). Another suggestion is 

that there may be another, as yet unidentified proteins that move copper to ATPases. 

In Plasmodium falciparum, copper distribution in the cytosol and mitochondria is not 

well documented though some studies have suggested PfCox17 to be involved in 

copper transport into the mitochondria (Choveaux et al., 2015). In mammalian and 

yeast cells, Cox17’s role in copper movement to the mitochondria has been 

proposed (Beers et al., 1997, Banci et al., 2008). However, it has been demonstrated 

that copper import into the mitochondria does not depend on the presence or activity 

of Cox17 in yeast cells even though Cox17 is localized both in the cytosol and the 

IMS of the mitochondria (Boulet et al., 2018). Other proteins implicated in human 

cells regarding copper import into the mitochondria and its distribution therein are 

SLC25A3 and a copper ligand (CuL) (Boulet et al., 2018, Cobine et al., 2006). 

Identical to the SLC25A3 protein, a gene coding for mitochondrial phosphate carrier 

or PIC2 protein from P. falciparum has been identified and cloned (Bhaduri-McIntosh 

and Vaidya., 1996) though, its potential to bind copper has not been established. 

However, it can be suggested that it is likely to play a similar role in P. falciparum. 

Additionally, a copper ligand (CuL) which is present in mammalian cells has not been 

found in malaria parasites (Cobine et al., 2006). What copper proteins then, does P. 

falciparum use in its cytosolic distribution, mitochondrial supply, and transfer of 

copper to the PfCuP-ATPase?  Investigating and understanding how copper is 

transported in Plasmodia may contribute to efforts towards the discovery of novel 

drug targets and drugs to combat malaria. 

7.3 Copper homeostasis as a possible novel drug target in the malaria parasite 

Copper is important to the malaria parasite’s growth and development. Its 

chelation stops the development from ring to trophozoite stages of the Plasmodium 

falciparum (Rasoloson et al., 2004). Due to this reason, novel drugs with the 

potential to disrupt copper transport in the malaria parasite can be identified 

including sites where they are likely to act. The removal of copper from the parasite 

has severe effects that range from inhibition of development to lowered fertility levels 

during the liver blood,  and sexual stages of the parasite (Rasoloson et al., 2004, 
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Kenthirapalan et al., 2014, 2016, Voorberg-van der Wel et al., 2017). When copper 

(I) chelators such as neocuproine and diethyldithiocarbamate (DDC) were used, the 

malaria parasites’ development from ring to trophozoite was inhibited (Meshnick et 

al., 1990, Rasoloson et al., 2004, Asahi et al., 2014). All liver-stage Plasmodium 

vivax parasites were inhibited when exposed to neocuproine, suggesting that copper 

(I  is important for the parasites’ growth at the schizonts stage (Voorberg-van der Wel 

et al., 2017). Therefore, the development of inhibitors of copper-binding proteins is 

likely to affect the parasites on two fronts; (i) there would be no copper available for 

the parasite assuming that the entry channel (PfCtr1) is blocked and this will inhibit 

growth i.e. Thiosemicarbazone NSC73306  has been shown to lower the human Ctr1 

levels, an action likely to lead to cellular copper deficiency (Fung et al., 2014), while 

three selected semi-substituted steroids [3β-hydroxy-16-aminomethylen-androst-5-

en-17- one (4), 3β-hydroxy-16 (N-benzyl) aminomethylenandrost-5-en-17-one (5), 

and 16(N--hydroxyethyl)aminomethylene-3-methoxy-estra-1,3,5(10)-trien-17- one 

(25)] have been demonstrated to bind to Ctr1 more strongly than the known inhibitor 

cimetidine thereby preventing copper transfer into the cells (Kadioglu et al., 2015, 

Serly et al., 2011). Liang et al., 2014, report that cisplatin is a competitor with copper 

for hCtr1, leading to decreased intracellular copper levels when cisplatin binds to 

hCtr1. The binding of cisplatin to hCtr1 has been shown by mutagenesis studies that 

revealed 2 methionine-rich clusters that are present in the extracellular N-terminal 

region of the protein and form cross-links between the hCtr1 polypeptide chains 

(Guo et al., 2004).  (ii) lack of distribution and efflux of copper from the parasite, 

which might lead to copper accumulation leading to a free radical generation that 

harms the parasitic cell i.e. in a mouse model with breast cancer, TM is reported to 

have improved the efficacy of cisplatin resulting in decreased ATP7A levels, on the 

other hand, D-penicillamine strengthened the effect of oxaliplatin in human cervical 

cancer leading to a downregulation of ATP7A (Chisholm et al., 2016, Chen et al., 

2015). ATP7A/B belong to a subfamily of P1B heavy metal-transporting ATPases 

common in prokaryotes and eukaryotes (Argüello et al., 2007). Additionally, findings 

from the gene knock-out of Ctr1 and Cu-ATPase in P. berghei led to decreased 

fertility and transmission to the vector, strengthening the suggestion that copper-

binding proteins may contribute to the propagation and continuity of the parasite. 

Additionally, they can potentially be drug targets for new drugs against malaria 

(Kenthirapalan et al., 2014, 2016). Thus, when such proteins are inhibited, or genes 

coding for the copper proteins are silenced or knocked out, the result is an aberration 

of cellular functions that negatively affects the organism to the extent of cellular 

death in case of a disturbance of an essential protein (Narayanan et al., 2013). 

7.4 Transcription levels of P. falciparum Glutaredoxin 1 (PfGrx1) and S-

adenosylhomocysteine hydrolase (PfSAHH) 

The life cycle of P. falciparum was analyzed for the expression of PfGrx1 

during the blood stage and asexual stages and then compared to the expression of 

PfSAHH in similar stages (Wichers et al., 2019, López-Barragán et al., 2011). 

Further analysis of previously studied copper proteins was made (Le Roch et al., 

2003). The examination of PfGrx1 indicated the highest expression occurred in the 

mid-trophozoite developmental stage of the blood stage while the expression of 

PfSAHH was more compared to that of PfGrx1 and showed a climax during the late 
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trophozoite developmental stage. Nevertheless, both proteins expressed in mid and 

late trophozoite stages with PfSAHH showing more expression in both stages (Fig 

A10). Interestingly, the trend of expression is the opposite during the asexual stage. 

PfGrx1 protein is observed to express more than PfSAHH during the two gametocyte 

stages (Gametocyte II and V) (Fig A11). Previously, Lactate Dehydrogenase (LDH) 

showed expression during all blood stages with decreased expression in the 

gametocyte stage, a trend similar to PfSAHH. The data on PfGrx1 and PfSAHH 

including other copper proteins previously analyzed indicates that the expression of 

copper proteins differs during the P. falciparum life cycle. This creates an opportunity 

for attempts to develop drugs targeting these proteins that are essential in copper 

homeostasis. Additionally, copper (I  is shown to be important in the parasites’ 

development from the ring-trophozoite-schizont stages of the P. falciparum life cycle 

(Asahi et al., 2013). The role of copper (I) in the arrest of the parasite development 

has been studied using copper (I) chelators and observed that copper (I) has a vital 

role in the early development stages of Plasmodium falciparum (Asahi et al., 2014). 

When parasites were cultured in a chemically defined medium containing 

hexadecenoic acid alone, growth was arrested, a result suggested to be associated 

with the downregulation of genes coding for copper-binding proteins (Asahi et al., 

2014). Similarly, trans-9-octadecenoic has been noted to have similar effects on the 

development and growth of the parasite (Asahi et al., 2016). The major stages that 

the parasite develops within the red blood cells (RBCs) take approximately 48 hours 

and these are the ring, trophozoite, and schizont stages (Bannister et al., 2000). An 

understanding of the parasite biology and the functional molecules such as copper 

proteins that may play a role in the developmental succession or arrest of the 

parasites’ growth may contribute to efforts of identification of drug targets and 

formulation of drugs aimed at malaria eradication (Ridley., 2002, Asahi et al., 2014). 

7.5 Methods utilized in the present study to identify and characterize the two 

recombinant proteins (PfGrx1 and PfSAHH) and proposed techniques for 

future studies 

Several methods were used to identify and characterize the two recombinant 

proteins. Bioinformatics tools were utilized to identify the two proteins from 

PlasmoDB (www.plasmodb.org) where copper-binding motifs common to other 

copper-binding proteins were noted. Multiple sequence alignments were performed 

using ClustalW for the structure and function of the two recombinant proteins 

(Thompson et al., 2003, Pais et al., 2014, Edgar et al., 2006). Further analysis of the 

structure of PfGrx1 and PfSAHH was done by comparing them to Grx1 and SAHH 

from humans using PyMOL (Bramucci et al., 2012, El Khoury et al., 2023, Sehnal et 

al., 2009). The two recombinant proteins were expressed and purified before being 

subjected to copper binding studies (Spriestersbach et al., 2015, Scheich et al., 

2003, Kimple et al., 2013). These copper-binding studies included an assessment of 

E. coli growth without/with protein expression induction  in the presence and 

absence of harmful levels of copper, copper-catalyzed inhibition of the ascorbate 

oxidation assay, and bicinchoninic acid release assay (Jiang et a., 2005, Lutsenko et 

al., 1997, Davis and O'Halloran, 2008). Protein-to-protein interactions were 

performed using the ClusPro program, to establish the interaction possibility of 

PfGrx1 and PfSAHH with other copper-binding proteins involved in copper entry into 
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the parasitic cytoplasm and its distribution path to the mitochondria and the host cell 

when the levels of copper exceed the normal (Kozakov et al., 2013, Kangueane et 

al., 2018). To support laboratory confirmation of the copper binding abilities of PfGrx1 

and PfSAHH and other proteins studied previously, molecular docking studies were 

conducted to predict copper binding sites (Lu et al., 2022, Lin et al., 2016). The two 

expressed and purified recombinant proteins were shown to bind copper; however, 

more characterization could be undertaken using various methods, which were not 

done due to resource limitations. 

The localization of the two  native proteins can be achieved by performing 

immunolocalization studies i.e. polyclonal antibodies against an amino-terminal third 

of Menkes protein (ATP7A; MNK) were generated by immunizing rabbits. The results 

show that MNK protein was localized in the Golgi complex (Dierick et al., 1997). 

PfCtr1 has been shown to translocate from the erythrocytic plasma membrane 

during the ring stage to the membrane of the parasite during the early schizonts 

(Choveaux et al., 2012).  Both immunolocalization and electron microscopy indicate 

that PfCuP-ATPase is localized on the surface of the infected erythrocytes and 

parasite membranes during the schizont stage (Rasoloson et al., 2004). In plants, 

similar work using polyclonal antibodies against peroxisomal Cu/Zn SOD1 from 

watermelon cotyledons indicated an intracellular localization of the enzyme (Sandalio 

et al., 1997), with western blot and electron microscopy. Electron microscopy can 

also detect the PfGrx1 and PfSAHH proteins in the current study by utilizing 

metallothionein (MT) tags i.e. MT tags have been demonstrated to be employed in 

detecting intracellular proteins of interest in bacteria and eukaryotic cells using 

transmission microscopy. In this method, the MT tag is fused with either PfGrx1 or 

PfSAHH, and then in vitro, treatment of the complex (protein-tag) is undertaken with 

gold salts (de Castro et al., 2014). When viewed under the transmission electron 

microscope, the MT tag produces an electron-dense cluster that allows the protein of 

interest to be located (de Castro et al., 2014). Further, the specificity of this MT-gold 

method can be confirmed by immunogold labeling, which involves the use of a 

primary antibody that recognizes the protein and the secondary antibody with a 

colloidal gold attached to it. The last part is the viewing of the complex [MT-Protein-

primary antibody-secondary antibody (with colloidal gold)] using electron-dense 

markers such as undecagold clusters (Wall et al., 1982, Hermann et al., 1996, de 

Castro et al., 2014, Martin et al., 2009, Agarwal et al., 2011). The elastic scattering 

contrast in annular dark-field images scanning transmission electron microscopy 

(STEM) can be used to generate 3D reconstructions from cryo-STEM images which 

can detect trace metals bound to proteins of interest like the detection of Zn and Fe 

bound to ferritin that was done at very low stoichiometry (Elad et al., 2017). This 

demonstration showed trends of interactions that could occur in a physiological 

environment and further illustrates a possibility for protein labeling with heavy metals 

(Elad et al., 2017). Protein-to-protein interactions and copper coordination can be 

studied using surface plasmon resonance (SPR) i.e. in Enterococcus hirae the 

interaction between CopZ and CopA ATPase was established using SPR (Multhaup 

et al 2001), similarly, the interaction modeling study results obtained from the present 

study can support results that can be generated from studying the interactions of 

PfGrx1 and PfSAHH with other copper-binding proteins using SPR. In addition to the 
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protein-to-protein interaction determination, copper proteins, and copper can also be 

investigated using SPR, i.e. a flow-injection surface plasmon resonance 

spectrometry demonstrated the interactions between Alzheimer’s Aβ1-16 and copper 

(Yao et al., 2012), a study that can be supported well by the docking studies that 

have been done in the present study. Thermal melt analysis and differential scanning 

fluorimetry have been used to determine the copper binding capacity of copper 

proteins (Saman et al., 2022, 2023). Another method that can be used to determine 

which amino acids are involved in copper binding is site-directed mutagenesis, like 

one conducted to determine which cysteine in the CFCF motif is essential for copper 

binding (Salman et al., 2022). This method brings about changes in the functionality 

of either the protein or the motif  (Punter et al., 2003). Gene knock-out experiments 

have been used to establish the importance of the copper proteins in question 

(Günther et al., 2009, Douradinha et al., 2011), i.e. complementary site-directed 

mutagenesis was utilized to determine which residues are involved in copper (I) 

delivery by Menkes ATPase (Jones et al., 2003).  

7.6 Identification of Plasmodium falciparum Grx1 and SAHH 

The Plasmodium falciparum clone 3D7 is a 23-megabase nuclear genome 

that contains 14 chromosomes that encode 5, 300 genes (Gardner et al., 2002). In 

comparison with free-living eukaryotic parasites, Plasmodium falciparum encodes 

few transporters, enzymes, and copper-binding proteins (Kita et al., 1998). However, 

more genes encoded enhance the virulence of the parasite as well as function in 

host-parasite interactions (Gardner et al., 2002, Singh et al., 2010). In eukaryotes 

and prokaryotes, the copper proteome accounts for less than 1% of the proteome in 

an organism (Andreini et al., 2008, Banci et al., 2010).     

To address the identification of PfGrx1 and PfSAHH, bioinformatic tools were 

utilized. In-silico analysis of the Grx1 amino acid sequence from plants, yeast, 

mouse, and Plasmodium species that infect humans (Fig 3.1) all revealed a CXXC 

motif common to some known copper-binding proteins. Interestingly, the Grx1 from 

humans has an identical motif which has a high affinity for copper (I) (Brose et al., 

2014) and has been proposed to provide an alternative pathway for copper to ATP7B 

in human cells (Maghool et al., 2020). This supports a suggestion that PfGrx1 may 

be involved in the copper transport from PfCtr1 to PfCuP-ATPase, just like HsGrx1 

which transfers copper to Atox1 and ATP7B (Maghool, et al., 2020, Brose et al., 

2014). However, Plasmodia lacks Atox1, a protein known to transfer copper to 

ATP7A/B from Ctr1 (Grechnikova et al., 2023). Therefore, it is suggested that PfGrx1 

may interact with PfCtr1 directly in its quest to transport copper to the copper 

exporter when the copper levels are above normal within the parasite. Grx1 has 

various functions in different cells or organisms, such as the maintenance of 

antioxidant status through the interaction with glutathione (Saaranen et al., 2009), 

improving the prognosis of diabetes mellitus and other metabolic diseases, slowing 

aging (Urgate et al., 2010), and working to reduce inflammatory processes through 

the regulation of NF-kB inactivation (Liao et al., 2010). In neuroblastoma cells, 

overexpression of Grx1 leads to a decrease in copper accumulation in the 

mitochondria and arguably modulates the expression of Ctr1 (De Benedetto et al., 

2014). In the Plasmodium parasite, Grx1 lowers free radicals and prevents cell 
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membrane peroxidation thereby increasing the chances of the parasite's survival in 

the host cells (Tiwari et al., 2021). These functions suggest that PfGrx1 is an 

essential protein and has a potential role in copper transport in the malaria parasite  

(Gonzales et al., 2008a and b). If the described functions are disrupted, the parasite 

is likely to become dysfunctional, therefore, this data may show that the protein is a 

likely drug target for antimalarials. Similarly in humans, disruption of copper 

homeostasis in neurons has been reported to give rise to neuronal diseases (Kardos 

et al., 2018) 

S-adenosylhomocysteine hydrolase is a copper-dependent enzyme identified 

from Plasmodb (Choveaux et al., 2012). Analysis of SAHH amino acid sequences 

from different organisms (plant, yeast, mouse, protozoa, and human), the multiple 

sequence alignments showed a copper-binding motif and NAD/H binding site (Fig 

4.1). In Plasmodium falciparum, the GXGXXGXG motif is suggested to be involved 

in copper binding and has a part in intracellular copper metabolism. The ability of the 

GXGXXGXG to be involved in copper binding is supported by experiments done in 

brindled mice (Seo et al., 1993). Usually in these animals, the uptake and efflux of 

copper-binding proteins in hepatocytes, fibroblasts, and Menkes lymphoblasts are 

normal (Mann et al., 1979). In the same paper, the copper binding protein is referred 

to as copper binding protein (CuBP) and later confirmed to be mouse S-

adenosylhomocysteine hydrolase (SAHH) with a role in intracellular copper and 

sulfur amino acid metabolism (Bethin et al., 1995a). With PfSAHH protein having 

similar features to SAHH from mice as well as other organisms (humans and plants), 

and the conserved copper binding motif, it is suggested that PfSAHH is essential to 

the malaria parasite and may be involved in copper delivery to other cupro enzymes 

in the parasite's cytosol (Gonzales et al., 2008a and b). 

7.7 Recombinant expression and purification of Plasmodium falciparum Grx1 

and SAHH 

Further characterization of the two recombinant proteins was achieved 

through the expression and purification methods of both proteins. The PfGrx1 and 

PfSAHH which are 111 and 479 amino acid residues long respectively, were 

expressed as complete amino acid sequences as they do not have transmembrane 

regions. Difficulties in the expression of His tagged recombinant proteins have been 

reported in previous studies (Choveaux., 2011, Salman., 2019). The challenges can 

be due to A+T bias in the DNA coding sequence for the proteins which affects mRNA 

level because of effects on transcription activity and mRNA stability (Hia and 

Takeuchi et al., 2021, Birkholtz et al., 2008). Another reason would be the presence 

of rare codons which affect the protein expression arising from variations in the 

utilization of codons between the E. coli host cells and the heterologous target gene 

(Gustafsson et al., 2004). The disturbance in translation occurs because of the need 

for one or more tRNAs by E. coli host cells which may be missing or is rare 

(Makrides., 1996). Additionally, the most problematic codons i.e. AGA and AGG 

which encode arginine (Kurland and Gallant., 1996) play a role in the non-expression 

of proteins. The gene sequences were checked using MendelGene for the possibility 

of rare codon occurrence. Conditions such as type of media, expression 

temperature, IPTG concentration, and induction time were evaluated and optimized 



140 
 

to enable the expression of the two proteins. All the other expression conditions were 

the same apart from the concentration of IPTG (0.2 mM and 1 mM for PfGrx1 and 

PfSAHH, respectively). Both recombinant proteins were identified through a western 

blot using mouse anti-His antibodies which confirmed the identity of individual protein 

bands at the appropriate positions (protein sizes) in an SDS-PAGE gel (Debeljak et 

al., 2006). 

7.8 Copper binds to Plasmodium falciparum Grx1 and SAHH 

Copper binding by the two recombinant proteins (PfGrx1 and PfSAHH) was 

demonstrated by evaluating the copper tolerance of E. coli cells with or without the 

expressed recombinant proteins, inhibition of copper-catalyzed ascorbate oxidation, 

and utilizing the bicinchoninic acid (BCA) copper release assay. All these 

approaches showed that the two proteins bound copper. Further, the BCA release 

assay findings show the two recombinant proteins bound reduced copper (copper I) 

(Asahi et al., 2014). Neocuproine, a compound that selectively chelates copper (I) 

was found to result in the inhibition of parasitic development in the erythrocytes. On 

the other hand, cuprizone that chelates copper (II) did not affect the growth and 

development of the parasite (Ding et al., 2011, Asahi et al., 2014). The assays 

showing copper binding by the two recombinant proteins are supported by molecular 

docking results that show where copper potentially binds in the two 3D amino acid 

structures. In the PfGrx1 structure, copper (I) was shown to bind to cysteine residues 

at positions 29 and 32 (Fig 6.2), which are part of the CXXC motif that was identified 

and conserved in amino acid sequence alignments of Grx1 from yeast, plants, 

protozoa, mice, and humans (Fig 3.1 A and B). In human Grx1, copper (I) is bound to 

cysteines at 23, and 26 (Fig A5) which form the copper binding motif documented by 

Maghool et al., 2020. Both PfGrx1 and HsGrx1 are found in the cytosol, however 

only the latter has been determined to bind copper at the CXXC motif common in 

both proteins (Cater et al., 2014, Rahlfs et al., 2001, Maghool et al., 2020). In 

humans, Grx1 transfers copper to Atox1 and ATPases. In addition, Grx1 is implicated 

in redox regulation of ATPase through cysteine motif modulation and the ability to 

bind copper (Singleton et al., 2010, Maghool et al., 2020). The intramolecular 

disulfide bond inside Atox1 is reduced in the presence of Grx1 and glutathione 

(Hatori et al., 2012). However, the parasite lacks Atox1, but PfCuP-ATPase has been 

implicated in the export of copper (Rasoloson et al., 2004). No information exists on 

copper movement from PfCtr1 to PfCuP-ATPase though with the similarities between 

the Plasmodial and human Grx1, one could suggest that PfGrx1 whose copper 

binding ability has been described in the present study has a role in the copper 

movement from PfCtr1 to PfCuP-ATPase.  

The binding of copper to PfSAHH is suggested by modeling studies to be 

coordinated by amino acid residues at 239, 271, 272, and 319 (Fig 6.2). From these 

sites, only one amino acid residue at position 271 is part of the GXGXXGXG copper-

binding motif. Mouse SAHH from hepatocytes was found to bind copper at a single 

site and had a role in intracellular copper metabolism (Bethin et al., 1995b). In 

brindled mice, the binding of copper by CuBP (Seo et al., 1993) which was later 

identified as mouse hepatic SAHH was determined (Bethin et al., 1995a). The CuBP 

was linked to functions regarding copper delivery to other copper enzymes like 
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Atox1, Sod1, and metallothioneins all located in the cytosol of hepatic cells. Atox1 

and Sod1 are not present in PfSAHH, however, other proteins like PfGrx1 may 

interact with and receive copper from PfSAHH. NAD has been noted to be essential 

for enzyme functionality. Creedon et al., 1994 reported that 3 glycine amino acid 

residues at 264, 266, and 269, are involved in the binding of NAD. Contrary to what 

Creedon et al., 1994 established on the NAD binding site, Singh et al., 2016 found 

11 amino acids that are involved in the binding of the cofactor NAD with only one 

amino acid residue (valine at 268) from the GXGXXGXG motif being involved. The 

cofactor binds one amino acid residue away from where copper is predicted to bind 

using the MIB2 modeling server. There is no reported interference from NAD with 

copper binding to the motif. Bethin et al., 1995a determined that mouse SAHH binds 

copper, and the protein regulates hepatic copper metabolism, another study 

established that intracellular copper deficiency leads to a decrease in mouse hepatic 

SAHH (Bethin et al., 1995b). The mouse SAHH has been documented to deliver 

copper to other metallocheperones that transfer copper to proteins either responsible 

for storage or export (Seo et al., 1993). The involvement of PfSAHH in the 

intracellular copper movement has not well been elucidated. Thus, the described 

PfSAHH’s ability to bind copper in vivo and in vitro in the present study together with 

the evidence from previous studies on SAHH’s role in the cytosolic distribution of 

copper in mice, strengthens the suggestion that Plasmodial SAHH could transfer 

copper to PfGrx1 that can potentially deliver copper to PfCuP-ATPase. The proposed 

interaction between PfGrx1 and PfSAHH has been supported by evidence from a 

pull-down assay that showed an association between the two malaria proteins 

(Sturm et al., 2009), thereby suggesting a possible copper transfer from PfSAHH to 

PfGrx1 at physiological conditions. There is also a possibility that PfSAHH may 

transfer copper directly to other copper proteins as illustrated in Fig 7.1. Additionally, 

both PfSAHH and PfGrx1 are expressed during the mid and late trophozoite stages 

of the life cycle for P. falciparum (Wichers et al., 2019, López-Barragán et al., 2011). 

However, the interaction may be less during the asexual stages due to the PfSAHH’s 

decreased expression during this stage.  

7.9 Copper-binding proteins characterized in previous studies 

Seven copper-binding proteins in Plasmodium falciparum have been 

evaluated and observed to bind copper (I) and potentially have a role in copper 

uptake (PfCtr1), mitochondrial import and distribution to other copper proteins 

(PfCox17) (Choveaux et al., 2012, 2015, Azucenas et al., 2020, Wee et al., 2013), 

including efflux from the parasite (PfCuATPase) (Rasoloson et al., 2004). PfCox17 

has been linked to the supply of copper to Cox11 and Sco1 which metalates 

cytochrome c oxidase (Banci et al., 2011, Banci et al., 2008, Palumaa et al., 2004, 

Oswald et al., 2009). The PfCox11 and PfSco1 have been suggested to play a role in 

the provision of copper for the metalation of the cytochrome c oxidase (Salman et al., 

2022, Munsami., 2022). In bacteria and yeast, Cox11 is essential for the biogenesis 

of the cytochrome c oxidase (Banci et al., 2004, Carr et al., 2002, Thompson et al., 

2010). On the other hand, mutations in Sco1 destabilize the protein, thus making it 

lose the ability to bind copper leading to copper deficiency and inefficient biogenesis 

of the cytochrome c oxidase (Leary et al., 2004, Stiburek et al., 2009, Horng et al., 

2005, Banci et al., 2007).  The PfCox19 was suggested to interact with PfCox11 and 
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possibly distribute copper in the mitochondria (Salman et al., 2023). An interplay 

between Cox19 and Cox11 in the intermembrane space of the mitochondria helps in 

the CcO assembly (Bode et al., 2015, Nobrega et al., 2002). Further, Cox 19 in 

humans may regulate the ATPase ability to export copper through a signal by Sco1 

(Leary et al., 2013). The binding of copper by the six copper proteins excluding 

PfCuATPase is supported and strengthened by molecular docking studies that 

indicate where copper binds (Fig 6.3). Copper could not be docked onto the 

PfCuATPase protein using the MIB2 modeling server due to the size of the protein 

(Lu et al., 2022). The bioinformatics results from the present study agree with those 

determined in the laboratory. This is the first time Plasmodial copper proteins are 

subjected to in-silico analysis to determine where copper binds. Interestingly, results 

from the modeling show that copper binds to the earlier predicted copper-binding 

motifs belonging to the various proteins mentioned in this section. Only Ctr1 protein 

has shown lower scores than the rest of the previous characterized copper-binding 

proteins for the predicter copper binding motif, however, the protein has been shown 

experimentally to bind copper.  

7.10 PfGrx1 Interaction with other copper-binding proteins involved in copper 

pathways in the malaria parasite 

Copper transfer from one site to the other within and outside of cells requires 

the interaction of copper proteins. Various cellular processes are facilitated by 

interactions of proteins (Banci et al., 2009, De Rienzo et al., 2000, Österberg., 1974). 

In addition, the transfer of copper from metallocheperones to the target protein is 

promoted by complex formation (Kay et al., 2017). Proteins interact in the complex 

through hydrogen, ionic, and hydrophobic bonds (Arnesano et al., 2004). There is no 

evidence in P. falciparum of how copper is transferred from PfCtr1 to PfCuP-ATPase, 

or copper binding proteins found in the mitochondria. In humans, Atox1 shuttles 

copper from Ctr1 to ATP7B and HsGrx1 offers an independent copper pathway to the 

efflux protein by interacting with copper proteins at the entry, with Atox1 and ATPase 

(Maghool et al., 2020), while Pic2 has been implicated in the mitochondria copper 

import (Cobine et al., 2021). The protein-to-protein interaction study in Chapter 5 

indicated the possibility of PfGrx1 interacting with PfCtr1, PfCuP-ATPase, PfCox17, 

and PfSAHH (Figs 5.6, 5.16, and 5.22). The interactions produce complexes held by 

different bonds, and these bonds require energy to be broken. Therefore, the more 

energy required for bond disruption, the more stable a complex is (Honig et al., 1989, 

Carruth et al., 2002, Petrucci et al., 2007). Using average bond energies for each 

bond from literature (Carruth et al., 2002, Xu et al., 1997, Albeck et al., 2000), the 

calculation of the total energies involved indicated the strongest interaction was 

between PfGrx1 and PfSAHH (five salt bridges, 13 hydrogen bonds) as well as the 

PfCtr1 and PfGrx1 (four salt bridges, 13 hydrogen bonds) (Table A8). In a pull-down 

assay, Sturm et al., 2009 reported an interaction between PfGrx1 and PfSAHH, the 

computer modeling therefore supports the experimental result (Fig A7). The strength 

of interaction between PfGrx1 and PfCox17 was second with six salt bridges and 

nine hydrogen bonds. PfGrx1's association with PfCuP-ATPase was through two 

hydrogen bonds showing a relatively weak interaction as indicated by the energy 

involved (Table A8). Maghool et al., 2020 further suggest that affinities of protein-

protein interactions together with the copper (I) binding of each protein establish 
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copper movement inside the cell. Metal binding and transfer occur through protein-

to-protein interactions, in yeast, Atx1 interacts with Ctr1, Ccc, and ATPase, which 

enables copper transfer from Ctr1 to the exporter protein (Lin et al., 1997, O'Halloran 

et al., 2000, Harrison et al., 2000). In humans, Atox1 interacts with Ctr1 and ATP7B 

(Puig et al., 2002). Atox1 or Atx1 are not present in Plasmodium falciparum, 

however, PfGrx1 a cytosolic protein has shown possible interaction with the C-

terminal of PfCtr1. In humans, Ctr1’s C-terminal region functions as a channel gate 

and a shuttle helping in the delivery of copper from outside to intracellular copper 

proteins possibly HsGrx1 (Walke et al., 2022). With the similarities that exist between 

PfGrx1 and HsGrx1, we suggest that PfGrx1 may transfer copper from PfCtr1 to 

PfCuP-ATPase. PfSAHH may as well possibly pass on copper to PfGrx1 due to the 

interaction shown in the pull-down assay and supported by the modeling protein-to-

protein interaction studies. The findings from the experiments and supported by the 

modeling studies may point to the roles of PfGrx1 and PfSAHH in the Plasmodial 

copper pathway. 

7.11 Proposed Roles of Plasmodium falciparum Grx1 and SAHH in Copper 

transport pathways 

Copper is important to many organisms including Plasmodium falciparum 

(Krupanidhi et al., 2008, Senior et al., 2020, Pavelková et al., 2018). In yeast and 

humans, copper movement from Ctr1 to the cytoplasm and eventually to the 

mitochondria and ATPase exporter protein is well coordinated (Nevitt et al., 2018, 

Harris et al., 2000, Tapiero et al., 2003). In these organisms, Atox1 transfers copper 

(I) to ATP7B for export. The Atox1 may also transfer metal ions to CCC2 and Sod1 

for storage (Hatori et al., 2013, Zhalsanova et al., 2023, Simon et al., 2008). The 

picture of copper movement in humans is like in yeast (Cankorur-Cetinkaya et al., 

2016, Flores et al., 2013). However, in Plasmodium falciparum, Atox1 or Atx1 are 

absent. Copper has been documented to be exported through PfCuP-ATPase and 

has been reported by various authors to be transferred to the cytochrome c oxidase 

(Rasolosone et al., 2004, Horn et al., 2008, Hamza et al., 2002, Punter et al., 2003, 

Morgada et al., 2015). In the Plasmodium parasite, how copper moves from PfCtr1 

to PfCuP-ATPase and the mitochondria is not known. What is interesting is copper 

has been documented to be delivered in those two sites (Rasoloson et al., 2004). 

For this reason, PfGrx1 and PfSAHH have been proposed to play a role in copper 

movement as illustrated by red arrows in Fig 7.1. Apart from transporting copper 

from that PfCtr1, we suggest that the two proteins may transport excess copper that 

comes from the digestion of Cu/Zn SOD1 (Fairfield et al., 1983, Rasoloson et al., 

2004) 
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Fig 7.1 Possible roles of PfGrx1 and PfSAHH in Plasmodia copper pathways.  The schematic 

diagram shows the possible roles of PfGrx1 and PfSAHH indicated in red arrows. 

The PfGrx1 has a copper-binding motif (CXXC) and is predicted to be in the 

cytosol (Fig 3.1 A and B), data, that suggests that the protein may participate in 

intracellular copper distribution (Rahlfs et al., 2001). This distribution can involve 

transferring copper to other cytosolic copper proteins for its transport. This is 

supported by protein-to-protein modeling results from the current study that 

established strong interactions between PfGrx1 and other copper proteins (PfCox17 

and PfSAHH). We suggest that there is a possibility of PfGrx1 transferring copper to 

PfCox17, as Cox17 from humans and yeast has been proposed to have a role in 

mitochondrial copper import (Maxfield et al., 2004, Banci et al., 2008, Kim et al., 

2008, Lutsenko, 2010). This will provide a pathway for copper from the entry into the 

mitochondria (Fig 7.1). The PfGrx1 may also play a role in copper trafficking from 

PfCtr1 to PfCu-ATPase, and previous studies in humans have shown the regulation 

of Ctr1 by Grx1 as well as its interaction with the N-terminal domain of ATP7B (Lim et 

al., 2006, Singleton et al., 2010, De Benedetto et al., 2014). Modeling in the current 

study showed interactions with the PfCtr1 and PfCu-ATPase copper proteins, 

thereby supporting the previous results and indicating a possible role in the copper 

trafficking pathway shown in Fig 7.1. In humans, Grx1 offers an alternative copper 

pathway to apo Atox1 and ATP7B (Mercer et al., 2016, Maghool et al., 2020), this 

may mean that Grx1 gets copper from human Ctr1. Due to the features shared with 

PfGrx1, it is proposed that the latter can potentially perform a similar role in the 

parasite. PfSAHH can also be linked to intracellular copper metabolism, this is 

because mouse SAHH was suggested to have a part in the delivery of copper to 
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other copper enzymes in the hepatic cells (Seo et al., 1993). Additionally, copper 

deficiency causes a reduction in the activity of the protein in hepatocytes (Bethin et 

al., 1995b). It is proposed that PfSAHH’s interaction with PfGrx1 (Sturm et al., 2009), 

might lead to copper transfer from PfSAHH to PfGrx1 as illustrated in Fig 7.1. This 

diagram shows possible distribution pathways of copper from PfCtr1 to PfCu-ATPase 

and the mitochondria (Fig 7.1). Disruption of the activity of the copper proteins may 

lead to the impairment of the parasite’s survival, as observed from the chelation of 

copper (I) from the parasite causes impingement on the erythrocytic development 

from ring to trophozoite stage (Rasoloson et al., 2004). 

7.12 Plasmodial Grx1 and SAHH as potential novel drug targets 

Copper is important in the development and growth of the Plasmodium 

falciparum (Asahi et al., 2016, Maya-Maldonado et al., 2021). Prevention of 

acquisition, distribution, and efflux adversely affects the malarial parasite (Asahi et 

al., 2014, Rasoloson et al., 2004). Different copper proteins are specialized in the 

acquisition (PfCtr1), distribution in the cytosol (PfCox17), and the mitochondria 

(PfCox17, PfCox11, PfCox19, and PfSco1) and removal of copper from the parasite 

(PfCuP-ATPase) (Choveaux et al., 2012, 2015, Salman et al., 2022, 2023, 

Rasoloson et al., 2004, Kenthirapalan et al., 2014). These proteins may be important 

drug targets in antimalarial drug development, i.e. Tetrathiomolybdate (TM) inhibits 

copper trafficking proteins by forming metal clusters (Alvarez et al., 2010). In 

bacteria, yeast, and humans, Tetrathiomolybdate inhibits various copper proteins 

namely, CopB ATPases, cytochrome oxidase, superoxide dismutase (SOD1), and 

ceruloplasmin (cp) (Bissing et al., 2001, Chidambaram et al., 1984).  Human copper 

transporter 1 in colorectal cancer has shown sensitivity to oxaliplatin though the drug 

does not inhibit its expression completely. Instead, Ctr1 aids the transport of 

oxaliplatin across the membranes, into the cytoplasm, thus, killing the cancer cells 

(Cui et al., 2017). PfGrx1 has been detected at the trophozoite stage of the parasites 

there is no difference in terms of activity in parasites sensitive and those resistant to 

antimalarials (Rahlfs et al., 2001). Nevertheless, methylene blue inhibited 90% of the 

enzyme’s activity (Rahlfs et al., 2001), suggesting an effect on the functions of the 

PfGrx1. What is not known is whether the inhibition of PfGrx1’s activity leads to a 

decreased ability to bind copper. However, six copper-containing amine oxidases lost 

function from inhibition by tranylcypromine (TCP) (Shepard et al., 2003). Additionally, 

drugs containing metal ions such as platinum and gold including soft acids like 

mercury, chromium, and arsenic have an inhibitory effect on the thioredoxin and 

glutaredoxin systems (Ouyang et al., 2018). Inhibitors such as 2-Fluoroaristeromycin 

bind with PfSAHH and produce an antimalarial effect (Singh et al., 2016, Nakanishi 

et al., 2005, 2007). However, no data shows PfSAHH's ability to bind copper and its 

role in Plasmodia copper homeostasis. Although more work needs to be done to 

develop inhibitors that can stop the two copper proteins from providing copper to the 

parasite, results from the present study provide a foundation for further investigation. 

Inhibiting these two proteins may affect the cytosolic copper distribution and arguably 

the import into the mitochondrial, an action that affects the electron transport chain of 

the parasite (Painter et al., 2007, Asahi et al., 2013, 2014). Effective inhibitors and 

novel drug targets will have been potentially elucidated when this is achieved. 
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7.13 Conclusion  

The current study describes the binding of copper by PfGrx1 and PfSAHH and 

their possible interaction with other copper proteins involved in the trafficking of 

copper in the malaria parasite. This suggests a role of the two copper proteins in 

malaria copper homeostasis.  These results and those proposed from previous 

studies that have demonstrated the importance of copper in the parasite could 

provide alternative novel drug targets that may further be exploited in the 

development of antimalarial drugs. Inhibiting these copper proteins could provide an 

effective way of stopping the development and growth of the parasite as observed in 

the exposure of P. falciparum culture to neocuproine an intracellular copper chelator 

(Rasoloson et al., 2004), thereby contributing to the elimination of malaria. Wang et 

al., 2015 showed that depleting copper availability inside cells by inhibiting or 

knocking human Atox1 and CCS, led to decreased growth of cancer cells, showing 

that the two copper proteins could be novel targets for anticancer drugs. Additionally, 

cisplatin and oxaliplatin have been shown to have effects on Ctr1 thereby affecting 

copper homeostasis, an action leading to arrests in the growth of cancerous cells 

(Howell et al., 2010, Larson et al., 2009, Holzer et al., 2006, Larson et al., 2010). The 

cancerous cells are stopped from proliferation due to the inhibition of the copper 

proteins. This shows the importance of copper to the growth of cancer cells. 

Similarly, copper is needed to grow and develop malaria parasites (Asahi et al., 

2014, Rasoloson et al., 2004). In vitro, experiments have demonstrated that cisplatin 

can completely inhibit the growth of P. falciparum at a dose of 30 ng/mL within 48 

hours and the same drug cures mice infected with P. berghei (Nair et al., 1994), 

cisplatin has been observed to cause death of the P. falciparum parasites Murray et 

al., 2011). With PfGrx1 being like HsGrx1 which has been documented to bind 

copper and suggested to transport copper from Ctr1 to ATP7A/B, the former would 

play a similar role, inhibiting PfGrx1 may lead to the disruption of copper transfer for 

export, an action that may increase copper accumulation in the parasite and later 

cause cell death due to free radical generation from high levels of copper (Valko et 

al., 2016, Bremner., 1998). Therefore, PfGrx1 may be a potential novel drug target. 

Analogs of 3-deaza-adenosine (DZA) have been shown to bind to PfSAHH and 

inhibit the growth of Plasmodium falciparum in vitro (Bujnicki et al., 2003), suggesting 

that PfSAHH may be a novel drug target for future developments of new 

antimalarials. In yeast, disruption of SAHH may cause signs of copper abnormalities 

(Zhou., 1998), therefore, inhibiting PfSAHH may have similar effects on the copper 

homeostasis of the parasite. In the present study, both PfGrx1 and PfSAHH have 

been suggested to play a role in the copper secretory pathway. However, more 

studies are needed to elucidate how copper is transported in Plasmodium falciparum 

from PfCtr1 to PfCuP-ATPase and the mitochondria. This would only be possible if 

each copper protein’s directional transport and location could be investigated using 

methods outlined in section 7.5. Conducting these experiments on the two copper 

proteins (PfGrx1 and PfSAHH) may offer further knowledge of their role in the copper 

pathways and establish how close they are to the copper proteins found in yeast and 

humans. The binding of copper by Plasmodial Grx1 and SAHH, and their interactions 

with each other and other copper proteins provide a basis for molecular docking 

studies that may evaluate potential novel drug targets and antimalarials through 
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identifying inhibitors. The current study has determined the ability of the two 

recombinant proteins to bind copper and suggested their potential role in copper 

homeostasis, especially the secretory pathway; however, more studies are required 

to establish their likelihood of being novel drug targets. 
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Additional  information 

Table A1 Cluster scores for PfCtr1_PfGrx1 complex 
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Fig A1 Interaction between PfCtr1 and HsGrx1 using ClusPro. A. AlphaFold PfCtr1 structure B. 
HsGrx1 crystal structure C. Complex formed between PfCtr1 and PfGrx1 in ClusPro and visualized in 
PyMOL. 

 

 

 

Fig A2 Schematic diagram of the interaction between PfCtr1 and HsGrx1 of the PDBSum 
generated complex. A. Interacting chains are joined by colored lines, each representing a different 
type of interaction, as shown in the key above. The area of each circle is proportional to the surface 
area of the corresponding protein chain. The extent of the interface region on each chain is 
represented by the wedge (red and purple) showing the interface surface area. B. Indicates the 
interface statistics concerning the number of residues involved in the interface of each chain, interface 
area, number of salt bridges, number of disulfide bonds, and number of non-bonded contacts. 
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Fig A3 Clefts on the protein AlphaFold surface structure of PfCtr1. Three orientations (A, B, and 
C) of protein structure with highlighted clefts (marked in various colors that correspond to those in 
Table D) are illustrated for the protein. A table is included with details on the pocket's volume, R1 
ratio, depth, and residue type are visible on the right; the coloring of the residues involved is below the 
table. Data is generated from PDBsum. 

 
 
 

 
Fig A4 PfCtr1 topology as generated by PDBSum program. 
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Table A2 Cluster scores for PfCtr1_HsGrx1 complex 
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Fig A5 Docking of copper (I) with Human Red Blood cell Grx1 (HsGrx1). A, I. The HsGrx1 crystal 
structure with copper (I) bound. II. HsGrx1_Cu complex (binding score of 5.906) with lysine and 
cysteine at 19 and 22, respectively, as copper-binding sites. III. Table indicating other HsGrx1_Cu 
complexes with binding scores.  

 

Note: Copper binds to two (2) cysteines that are part of the CXXC motif, data that 
shows a similar pattern with PfGrx1 that has been shown to bind copper in a similar 
region. 
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Table B1 Cluster scores for PfCuATPase_PfGrx1 complex 
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Table C1 Cluster scores for PfCox17_PfGrx1 complex 
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Fig A6 Interaction between PfSAHH and PfGrx1 using ClusPro. A. PfSAHH crystal structure B. 
PfGrx1 crystal structure C. Complex formed between PfSAHH and PfGrx1 in ClusPro and visualized 
in PyMOL. 

 

 

Fig A7 Schematic diagram of the interaction between PfSAHH and PfGrx1 of the PDBSum 
generated complex. A. Colored lines join interacting chains, each representing a different type of 
interaction, as shown in the key above. The area of each circle is proportional to the surface area of 
the corresponding protein chain. The extent of the interface region on each chain is represented by 
the wedge (red and purple) showing the interface surface area. B. Indicates the interface statistics 
concerning the number of residues involved in the interface of each chain, interface area, number of 
salt bridges, number of disulfide bonds, and number of non-bonded contacts. 

 

 

Fig A8 PDBsum interaction plots for the interface between the PfSAHH and PfGrx1.  A plot of 
hydrogen bonds (blue lines), nonbonded contacts (orange tick‐marks), and salt bridges (red lines) 

between residues on either side of the protein‐protein interface are shown on the diagram 
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Fig A9 Clefts on the protein AlphaFold surface structure of PfSAHH. Three orientations (A, B, 
and C) of protein structure with highlighted clefts (marked in various colors that correspond to those in 
Table D) are illustrated for the protein. A table is included with details on the pocket's volume, R1 
ratio, depth, and residue type are visible on the right; the coloring of the residues involved is below the 
table. Data is generated from PDBsum. 

 

Fig A10 Relative expression of P. falciparum Glutaredoxin1 and S-adenosylhomocysteine 
hydrolase during the erythrocytic stage. Blood-stage Plasmodium falciparum transcriptome 
determined by RNA-Seq analysis at 8 developmental stages including young ring stage (8 hpi), late 
ring stage/early trophozoite (16 hpi), mid-age trophozoite (24 hpi), late trophozoite (32 hpi), early 
schizont (40 hpi), schizont (44 hpi), late schizont (48 hpi) and purified merozoites (0 hpi). (paired end, 
unstranded Illumina HiSeq 4000), A. PfGrx1 (PF3D7_0306300) B. PfSAHH (PF3D7_0520900) 
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Fig A11 Relative expression of P. falciparum Glutaredoxin1 and S-adenosylhomocysteine 
hydrolase in gametocyte stage.  Illumina-based sequencing of P. falciparum 3D7 mRNA from two 
gametocyte stages (II and V), ookinete, and four-time points of erythrocytic stages representing ring, 
early trophozoite, late trophozoite, and schizont. A. PfGrx1 (PF3D7_0306300) B. PfSAHH 
(PF3D7_0520900) 
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Table C2 Cluster scores for PfGrx1_PfSAHH complex 
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Table C3 Bond energy involved in the formation of protein-to-protein complexes 

Proteins involved 
in the interaction 

Number and type of 
Bonds in the 
interaction 

Energy in the Bond 
(kJ/mol) 

Total 
Bond 

energy 
(kJ/mol) Salt 

Bridges 
Hydrogen 

Bond 
Salt 

Bridges 
Hydrogen 

Bond 

PfCtr1_PfGrx1 4 13 12 13 217 

PfCuATPase_PfGrx1 - 2 26 

PfGrx1_PfCox17 6 9 189 

PfGrx1_PfSAHH 5 13 229 
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Fig D1 Summary of the protein-to-protein interaction analyses using various bioinformatic tools. 
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