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UNDERSTANDING MOLECULAR INTERACTION BETWEEN
SULFADOXINE AND HUMAN SERUM ALBUMIN THROUGH

SPECTROSCOPIC AND MOLECULAR DOCKING METHODS

ABSTRACT
The main aim of this study was to characterize the molecular interaction between
sulfadoxine (SDN) and the major transport protein in the blood plasma, human serum
albumin (HSA) using fluorescence, absorption, circular dichroism and voltammetric
techniques along with computational methods. SDN-induced changes in the fluorescence
intensity of HSA hinted the complex formation between SDN and HSA. Both values of
the bimolecular quenching rate constant and UV-Vis absorption spectral results
characterized the quenching of HSA fluorescence as static quenching. Analysis of the
quenching results showed a moderate binding affinity (K, = 3.39x10* M ! at 300 K)
between SDN and HSA. Thermodynamic data (4S5 =+ 104.42 J mol ' K™!, AH =+ 5.25
kJ mol ™) suggested participation of hydrophobic interactions as the main binding force
in the complex formation. Secondary and tertiary structural changes along with
microenvironmental perturbation around protein fluorophores were also noticed upon
SDN binding. The voltammetric spectral analysis further supported the complex
formation between HSA and SDN. Competitive ligand displacement results, as well as
computational analysis, revealed binding of SDN to Sudlow’s Site I, located in

subdomain ITA of HSA.

Keywords: Sulfadoxine (SDN), human serum albumin (HSA), ligand-protein

interaction, molecular docking, cyclic voltammetry.
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MEMAHAMI INTERAKSI MOLEKULAR ANTARA SULFADOXINE DAN
SERUM ALBUMIN MANUSIA MELALUI KAEDAH SPEKTROSKOPIK DAN

DOK MOLEKUL
ABSTRAK

Tujuan utama kajian ini adalah untuk mencirikan interaksi molekul antara sulfadoxine
(SDN) dan protein pengangkutan utama dalam plasma darah, serum albumin manusia
(HSA) menggunakan pendarfluor, penyerapan, dikroism bulat dan teknik voltammetrik
bersama dengan kaedah dok molekul. Perubahan yang disebabkan oleh SDN pada isyarat
pendarfluor HSA mengisyaratkan pembentukan kompleks antara SDN dan HSA. Kedua-
dua nilai kadar pendinginan bimolekular tetap dan keputusan spektrum penyerapan UV-
Vis mencirikan pendinginan pendarfluor HSA sebagai pelindapkejutan statik. Analisis
keputusan pelindapkejutan menunjukkan pertalian ikatan sederhana (3.39 x 10*M ! pada
300 K) antara SDN dan HSA. Data termodinamik (4S = + 104.42 J mol! K'!, 4H =
+ 5.25 kJ mol ') mencadangkan penyertaan interaksi hidrofobik sebagai daya pengikat
utama dalam pembentukan kompleks. Perubahan struktur sekunder dan tersier bersama
dengan gangguan lingkungan mikro di sekitar fluorofor protein juga diperhatikan pada
pengikatan SDN. Analisis spektrum voltammetrik menyokong lagi pembentukan
kompleks antara HSA dan SDN. Hasil pemindahan ligan yang kompetitif serta analisis
dok molekul menunjukkan pengikatan SDN ke tapak I Sudlow, yang terletak di

subdomain ITA HSA.

Kata kunci: Sulfadoxine (SDN), serum albumin manusia (HSA), interaksi protein-ligan,

dok molekul, voltammetri siklik.
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CHAPTER 1: INTRODUCTION

Malaria is one of the well-known parasitic diseases that affect millions of people in
Africa, Asia and America (Central and South) with reports of ~ 212 million clinical cases
in addition to 429 000 deaths annually (Choemang & Na-Bangchang, 2019). Among the
annual death rates, children aged below 5 years form the most vulnerable group,
susceptible to infection, as they account for ~ 67 % of the total death rate (WHO, 2020).
This mosquito-borne disease is caused by Plasmodium species, in which the parasites
multiply inside the human body when entered through the bites of infected female
Anopheles mosquitoes (Tangpukdee et al., 2009). The human malaria is caused by five
parasite species, namely, Plasmodium falciparum, P. vivax, P. ovale, P. malariae and P.
knowlesi. Out of these five species, P. falciparum is known to cause immense threats
(Tangpukdee et al., 2009). The multiplication of Plasmodium species is highly dependent
on the availability of folate derivatives for nucleotide biosynthesis (Hyde, 2005; Nzila et
al., 2005). The first antimalarial drug, chloroquine was found successful in inhibiting the
survival of the malarial parasites due to interference with the folate metabolism (Gregson
& Plowe, 2005). However, the inhibitory action of this drug was hampered due to
mutations in the parasite (Le Bras & Durand, 2003). Due to the drug resistance developed
by the malarial parasites against chloroquine, the emergence of several anti-malarial
drugs in combination has been proved rewarding in treating malaria (Choemang & Na-

Bangchang, 2019; Nzila et al., 2005).

Sulfadoxine (SDN) is a Food and Drug Administration (FDA)-approved drug, which
is currently being used in combination with pyrimethamine in treating chloroquine-
resistant malaria (Farrar et al., 2013). SDN inhibits the enzyme, dihydropteroate
synthetase that is crucial to the parasitic folate biosynthetic pathway (Gatton et al., 2004).
This helps in lowering the folic acid production, which is vital in the nucleic acid

biosynthesis of the malarial parasite, hence inhibiting the parasite’s mitotic division



(Saikia et al., 2017). Besides, SDN also participates in antibacterial action against
infections of the respiratory organs, urinary and gastric tracts as well as osteomyelitis,

sinusitis and other purulent infections (Vardanyan & Hruby, 2006).

The interaction study between a drug and plasma proteins is vital to understand a
drug’s distribution, metabolism, efficacy, half-life, stability and level of toxicity (Chi et
al., 2010; Kragh-Hansen et al., 2002; Olson & Christ, 1996). The concentration of the
free drug may change upon binding of several other compounds either to the same binding
site on the transport protein or through allosteric effects, which can alter the drug toxicity
level in the circulation (Bertucci & Domenici, 2002). Hence, the study on the interaction
of a drug with the transport protein would be useful in understanding the drug’s

pharmacological properties and toxicity level in human circulation.

Human serum albumin (HSA) is the major transport protein for both endogenous and
exogenous compounds, present in the human circulation. It is a single polypeptide chain,
made up of 585 amino acid residues, which include a sole tryptophan residue (Trp-214).
It is comprised of three structural domains (I, IT and III), which are further divided into
subdomains A and B (Carter et al., 1989; Peters, 1996; Sudlow et al., 1975). Besides, the
protein has three high-affinity ligand binding sites, namely, Site I, Site II and Site III,
which are located in the hydrophobic cavities of subdomains IIA, IIIA and IB,
respectively (Sudlow et al., 1975).

Many techniques, i.e., equilibrium dialysis (Nevidalova et al., 2018), UV-Vis
absorption spectroscopy (Wani et al., 2018), spectrofluorimetry (Elgawish et al., 2019),
circular dichroism (CD) spectroscopy (Baig et al., 2019), Fourier-transform infrared
(FTIR) spectroscopy (Della et al, 2016), isothermal titration calorimetry
(Feroz et al., 2016), potentiometry (Hosseinzadeh & Khorsandi, 2016) and dynamic light
scattering (Yuan et al., 2017) are commonly used in studying the ligand-protein

interaction. However, some of these methods have limitations such as long periods in



equilibrium dialysis and the nonselective nature of electrodes in the case of many ligands,
such as drug molecules in the potentiometric method (Ayranci & Duman, 2004). On the
other hand, fluorescence spectroscopy offers advantages of reproducibility, high

sensitivity, cost-effectiveness and rapidity (Seedher & Bhatia, 2005; Yang et al., 2009).

Although the effects of SDN on treating human malaria have been widely studied
(Kayentao et al., 2013; Mikomangwa et al., 2020; Terkuile et al., 2007), transportation of
SDN in the human circulation through HSA binding has not been reported so far.
Therefore, the problem statement and objectives of the present study were set in the

following way.

Problem statement: Does SDN bind to the major carrier protein in human circulation,
i.e., human serum albumin (HSA)? If yes, what are the binding characteristics of SDN-

HSA interaction?

To answer the above question, following objectives were laid down:

To study the interaction of SDN with HSA in terms of binding affinity and

binding forces.

- To monitor the electrochemical changes of HSA upon SDN binding.

- To evaluate protein’s secondary and tertiary structures as well as microenvironmental

perturbation around protein’s fluorophores in the presence of SDN.

- To examine the thermal stability of HSA upon SDN binding, and

- To identify the SDN binding site on HSA.

To achieve the above objectives, binding studies of SDN with HSA were made using

several spectroscopic, voltametric and computational approaches.



CHAPTER 2: LITERATURE REVIEW

2.1 Malaria

Over the years, malaria has been the most life-threatening disease, claiming around
150-300 million lives annually, as observed during the period 2013-2018, especially in
locations such as sub-Saharan Africa, Asia, the Amazon basin and other tropical regions
(WHO, 2018). Figure 2.1 displays the malaria transmission around the world during
2017-2020 in which Malaysia has been marked as the region where malaria transmission
occurs in some places. Although the distribution of the disease covers vast areas, the
burden has been detected heaviest in the African Region, where an estimated 93% of all

malaria deaths occur annually (WHO, 2018).

Malaria is caused by malarial parasite, a single-celled protozoan, which infects female
Anopheles mosquitoes and is then transmitted into the human body through the bites of
infected mosquitoes (Massele et al., 1993). The initial discovery of the parasite was linked
with swamps responsible for the spread of Roman fever, which inspired the name mal'aria
(“bad air”). Later, the finding of a clear, circular body containing malarial pigment in an
Anopheles mosquito, resembling similar observation in infected humans confirms the
transmission of the parasite between Anopheles mosquitoes and human (Jarcho, 1984).
The rapid replication of the parasites in the human body produces initial symptoms like
high fever, vomiting, headache and muscle pain and if left untreated, leads to fatality like
severe anaemia, jaundice, kidney failure, etc. (Massele et al., 1993). On the other hand,
the inoculation of malarial parasites among other female Anopheles mosquito occurs

when they bite an infected human (Gelband et al., 2004).

The human malaria was caused by four Plasmodium species, namely, P. vivax, P.
falciparum, P. malariae and P. ovale (Coombs et al., 2001; Gelband et al., 2004; Laveran

et al., 1982). Plasmodium vivax, which is widespread in temperate as well as tropic:



Figure 2.1: The mortality rate caused by malarial parasite around the world. Arrow
is representing Malaysia which shows transmission of parasites at certain places.
(Photo sourced from www.cdc.gov).



subtropical zones have the widest geographical range because it can survive at lower
temperatures inside a mosquito than the other three parasites that infect humans.
Plasmodium falciparum, the most lethal strain is the most prevalent species throughout
the tropics and subtropics. Plasmodium malariae is patchily present over the same range
as P. falciparum. Plasmodium ovale is found in tropical Africa, and occasionally in Asia,
and the western Pacific (Gelband et al., 2004). Contrarily, the emergence of the fifth
malarial parasite, P. knowlesi was discovered in East Malaysia in the year 2004 (Singh et
al., 2004). This parasite has been reported to infect human through the forest macaques,

found in the rural areas (Cox-Singh & Singh, 2008).

2.1.1 Malarial parasite life cycle

The life cycle of the malarial parasite involves two hosts: female Anopheles mosquito
and human. Its life cycle is divided into three stages, as shown in Figure 2.2. These are
the ‘mosquito stage’, ‘human liver stage’, and ‘human blood stage’ (Gelband et al., 2004).
When a malaria-infected female Anopheles mosquito bites a human, the mosquito
inoculates sporozoites into the human host, which then induces infection into the liver
cells. The initial replication occurs in the liver where the sporozoites mature into
schizonts, which are then released into the human blood as merozoites. Later, the parasites
undergo asexual multiplication in the erythrocytes where, the merozoites grow inside the
red blood cell, causing damage to them, and the cycle repeats as they invade other red
blood cells (Gelband et al., 2004; Tuteja, 2007). At the same time, some of the parasites

might differentiate into sexual gametocytes.

In the blood stage, parasites show symptoms of malaria. Both the male and the female
gametocytes are ingested by an uninfected female Anopheles mosquito that bites the

infected human. The parasites then, multiply itself in the mosquito host, called as



Figure 2.2: The lifecycle of a malarial parasite, representing three different stages;
i.e., mosquito, human liver and human blood. (Copyright permission from Springer
Nature).



sporogonic cycle. Hence, the cycle repeats as the mosquito, carrying the parasite infects

another human host (Tuteja, 2007).

However, the transmission of malaria can also be induced through the transfusion of
malaria-tainted blood products or the contaminated red blood cells / tissues in the bone

marrow or transplanted organs (Takem & D’ Alessandro, 2013).

2.1.2 Early reactions towards Plasmodium falciparum in adults and children

Among the four malarial parasites that infect humans, P. falciparum is the most
virulent and poses the greatest risk of complications and death (Greenwood &
Mutabingwa, 2002; McGregor, 1974). Plasmodium falciparum gives rise to a broad
spectrum of disease from asymptomatic infection to fatal syndromes such as cerebral
malaria, severe anaemia, and multi-organ failure (WHO, 2000). In areas of high
transmission of malaria caused by P. falciparum such as in Africa, functional immunity
is acquired in two stages, i.e., the initial phase of clinical immunity, followed by anti-
parasite immunity. This helps in limiting the parasite numbers, replication, and burden
within the human host (Schofield, 2002). In other words, functional immunity results in
a progressive ability to contain malaria parasitaemia. On the other hand, human and
parasite genetic variability, parasite-induced immunosuppression and other factors also

contribute to the final degree of protection (Mohan & Stevenson, 1998).

There is a grace period when infants born to functionally immune mothers,
transplacental antibody (maternal IgG) confers relative resistance to infection, and severe
clinical episodes of malaria for the first six months of life (Edozien et al., 1962). High
levels of fetal hemoglobin also offer partial protection (Pasvol et al., 1976). Over the next
few years, children exhibit enhanced susceptibility to severe and fatal malaria caused by
P. falciparum (Marsh, 1992). This early clinical immunity is sometimes referred to as

‘clinical tolerance’, signifying the ability to remain asymptomatic despite a relatively high



frequency of being bitten by the mosquitoes. However, the immunity drops in older-age
individuals, leading to a rise in malaria cases caused by P. falciparum (Carter & Mendis,
2003). This has prompted the scientific community for the discovery of antimalarial drugs

to assist in combating malarial infection (Bunnag et al., 1996).

2.1.3 The emergence of antimalarial drugs

With the simultaneous development of functional immunity, the discovery of the first
antimalarial drug, chloroquine was found to be effective in fighting against P. falciparum.
The drug functions by accumulating itself in the vacuole of P. falciparum and preventing
haemoglobin degradation (Loeb et al., 1946). However, chloroquine resistance was
noticed in the early 1960s at the Colombian-Venezuelan border (Moore & Lanier, 1961),
and then towards sub-Saharan Africa in 1988 and South East Asia starting early 2000s
(Ridley, 2002). Later, the discovery of several new antimalarial drugs such as mefloquine,
halofantrine, sulfadoxine, pyrimethamine, etc. was also made to compensate chloroquine
resistant malarial infection caused by P.falciparum (Cosgriff et al., 1982; Foley & Tilley,
1997; Kapoor, 1988). However, individual functions of these drugs were found to result
in resistance after their usage for some time, which brought to the development of
artemisinin to fight against the parasite (Eastman & Fidock, 2009). Artemisinin was found
to be efficacious against all multi-drug resistant forms of P. falciparum. Besides, the use
of artemisinins has become integral in the fight against malaria with artemisinin-based
combination therapy (ACT), making up most modern-day treatments (Eastman & Fidock,

2009).

2.14 Classification of antimalarial drugs

The antimalarial drugs (Table 2.1) were classified into a single or combined therapy

(Eyasu, 2015; Gelband et al., 2004).



Table 2.1: Classification of antimalarial drugs according to regimen. (Copyright

permission from Toxicological International).

Category Examples
Single Cinchona alkaloid Quinine and Quinidine
antimalarial
drugs
4-Aminoquinolines Chloroquine, Amodiaqine, and
Piperaquine
8-Aminoquinolines Primaquine and Bulaquine
Diaminopyrimidines Pyrimethamine
Sulfonamide and Sulfone Sulfadoxine, Sulfamethopyrazine, and
Dapsone
Sesquiterpine lactones Artesunate, Artemeter, and Arteether
Quinoline-methanol Mefloquine
Tetracyclines Tetracycline and Doxycycline
Amino alcohols Halofantrine and Lumefantrine
Mannich base Pyronaridine
Napthoquinone Atorvaquone
Biquanides Proguanil and Chlorproguanil
Combination Non- artemisinin (Sulfadoxine + Pyrimethamine),
therapies (Sulfadoxine + Pyrimethamine +
Chloroquine), (Sulfadoxine +
Pyrimethamine +Amodiaquine),
(Sulfadoxine + Pyrimethamine +
Mefloquine), (Quinine +Tetracycline),
(Quinine + Doxycycline)
Artemisinin (Artesunate + Amodiaquine, Artesunate
+ Mefloquine, (Artemether +
Lumefantrine), (Artesunate +
Sulfadoxine/Pyrimethamine),
(Dihydroartemisinin + Piperaquine),
(Artesinin + Piperaguine + Primaquine)
and (Pyronaridine + Artesunate)
Other (Chlorproguanil + Dapsone +
combinations Artesunate), (Arterolane maleate +

Piperaquine phosphate)
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A single antimalarial drug therapy involves the use of a single drug to control and
eliminate malaria. This functions as monotherapy against uncomplicated malaria (Mendis
et al., 2009). The single antimalaria agents can be divided based on their chemical
structures and mode of action i.e., aryl aminoalcohol compounds and antifolate
compounds (Gelband, 2004). The single therapy antimalarial drugs differ considerably in
their pharmacokinetics in terms of their efficacy, dosage, and duration of treatment.
Furthermore, the drug response was also found to vary among people. Some of these
responses can be genetically determined, others by health status or by dietary factors

(Gelband, 2004).

On the other hand, combination therapy involves the additive potential of two or more
drugs, which have an independent mode of actions and different target sites to function
in improving the therapeutic effect and development of the resistance towards malaria.
The combination therapy of multiple antimalarial drugs is divided into artemisinin and

non-artemisinin combination (Erhirhie, 2006).

Artemisia annua, or sweet wormwood plant is the source of artemisinin and its
derivatives i.e., artesunate, artemether, artesinin, which are well known for their ability
to swiftly reduce the number of Plasmodium parasites in the blood of patients (Klayman
et al., 1984). The combination of artemisinin with the antimalarial drugs provides a
quicker action against the proliferation of different stages of the parasites as well as in
vivo activity (Terkuile et al., 1993; White 1997). The artemisinin-combination drugs play
important roles in multi-drug resistance of P. falciparum, as they are not only active
against the mature ring stage of P. falciparum, when the parasite is highly metabolically
active, but also targets the young ring stages of the parasite. This offers a rapid reduction
of the parasite biomass and may help in the reduction of the resistant alleles, which may

reduce the gametocyte carriage (Okell et al., 2008).
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Alternatively, non-artemisinin combination of antimalarial drugs involves the
combination of the first line or the second line drugs used for the treatment against P.
falciparum. These include drugs that have individual functions against the parasites but
are almost similar in their pharmacokinetic properties to be used as the combination
therapy (Whegang et al., 2010). This non artemisinin-based combination therapy is
reserved as an interim option for countries, which are unable immediately to move to

artemisinin combination of antimalarial drugs (Bloland, 2003; Whehang et al., 2010).

Among several non-artemisinin combination uses of antimalarial drugs, sulfadoxine
seems to be the most prevalent due to its profound function in regions, where artemisinin
combination therapy is not available. The inexpensive and wide availability of

sulfadoxine promotes its usage to treat malaria in these regions (Bloland, 2003).
2.2 Sulfadoxine

Sulfadoxine (SDN), whose chemical structure is given in Figure 2.3, has been found
as a better substitute for chloroquine in controlling malarial parasite. It is synthesized
from methyl ester of methoxyacetic acid and has a solubility of 2.96 x 107! g/
(Aucamp et al., 2016). Sulfadoxine is characterized as an aminobenzenesulfonamide,
which contains a benzenesulfonamide moiety with an amine group attached to it (Kapoor,
1988). It functions mainly to compete with para-aminobenzoic acid (pABA) in order to
inhibit the bacterial enzyme, dihydropteroate synthase (DHPS) in the nucleic acid
biosynthesis of malarial parasite (Figure 2.4). The inhibition of parasitic folic acid
synthesis and de novo synthesis of purines and pyrimidines ultimately result in cell

growth arrest and cell death (Sirichaiwat et al., 2004).

The use of SDN for the intermittent preventive treatment during pregnancy for
mother’s affected with malaria disease has been widely recognized (De Kock et al., 2017;

Deloron et al., 2010; Newman et al., 2003). The impact of SDN has been found to reduce
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Figure 2.3: Chemical structure (A) and ball-and-stick model (B) of SDN.
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Figure 2.4: Schematic diagram showing inhibition of enzymes, of the parasite folate
synthesis pathway by sulfadoxine, pyrimethamine and trimethoprim. (Copyright
permission from McGraw-Hill Education).
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the prevalence of histopathological placental malaria and improve the birth weight
(Mlugu et al., 2020). The function of SDN has also been reported as an anti-infective

agent against respiratory and urinary tract infections (Philips-Howard & Wood, 1996).

Sulfadoxine is being used in combination with several other drugs (Table 2.1) in
combating malaria disease (Aronson, 2003; Chulay et al., 1984; Mutabingwa et al., 2005).
Its application in the artemisinin-based combination therapy has been found effective than
as a single drug, which leads to poorer adherence due to it’s longer half-life of ~ 184
hours (Gatton et al., 2004). The combination therapy of SDN with other antimalarial
drugs helps in reducing the parasite density in lesser time, which significantly lowers the
parasite exposure to subtherapeutic blood levels (White, 1997). The frequent combination
of SDN with pyrimethamine (Fansidar) has been proven as an effective replacement of
chloroquine drug to fight against malaria, caused by P. falciparum (Terlouw et al., 2003).
Its combination with amodiaquine and pyrimethamine has also been widely practiced as
artemisinin-based combination therapy to reduce the risk of further resistance, developing
towards uncomplicated malaria (Sinclair et al., 2009). Besides, SDN has also been
recognized as an antibacterial agent in combination with trimethoprim with an advantage

of its low-cost production (Maddison et al., 2008).

2.3 The importance of drug-protein interaction

When therapeutic drugs enter the human circulation, they will be carried by various
transport proteins to their target sites. The interaction between the exogenous drugs and
transport proteins might alter the drug’s solubility, pharmacokinetics (absorption,
metabolism, distribution and elimination), pharmacodynamics, therapeutic impact as well
as toxicity level in the human circulation (Kragh-Hansen et al., 2002; Peters, 1996).
Besides, the protein-bound drugs are protected against metabolism of the detoxification

process, occurring in the body as well as reducing the concentration of their free form in
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the circulation (Lindup & Orme, 1981). The drug-protein interaction study will help in
choosing the optimal dosage prescription and further lead in understanding various
responses of an individual in a drug therapy (Jamei et al., 2009). Therefore, in terms of
the human health, the drug-albumin interaction study may provide useful information for
a safer and an efficient therapy as well as in the diagnosis at the clinical level (Larsen et
al., 2016; Yamasaki et al., 2013). Being the most abundant transport protein in the human
circulation, the interaction mechanism of human serum albumin (HSA) with several
antimalarial drugs has been previously documented (Ma et al., 2019; Musa et al., 2020;
Yadav et al., 2020). The binding characteristics of these antimalarial drugs to HSA
revealed significant differences. For instance, piperaquine showed a stronger binding
affinity to HSA while lumefantrine and dispiro-tetraoxanes were bound to the protein
through a moderate binding affinity. Furthermore, the interaction forces, involved in
drug-HSA complex formation also showed variation. Besides, the binding sites of these
drugs were found different in their preference as either Site I or Site II or both Site I and
Site IT of HSA (Ma et al., 2019; Musa et al., 2020; Yadav et al., 2020). These differences
suggest that the binding characteristics of antimalarial drugs to HSA control their
half-life, bioavailability and distribution upon binding to HSA. However, the data on
SDN’s transportation, pharmacokinetics, and bioavailability has not been discussed
previously. This has made the interaction study between SDN and HSA crucial, as it can

provide information to assist in understanding the pharmacology and toxicity of SDN.

24 Human serum albumin

Human serum albumin (HSA) is synthesized in liver from a single gene in the form of
preproalbumin (Dugaiczyk et al., 1982). With the cleavage of the N-terminal peptide (pre-
peptide) of the nascent chain, it is then released from the rough endoplasmic reticulum as
proalbumin. The product is again cleaved at its N-terminal end (pro-peptide) in the Golgi

apparatus to produce secreted albumin (Peters & Davidson, 1982). Serum albumin is a
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member of a group of homologous proteins such as a-fetoprotein, afamin, and vitamin D
binding protein (Fasano et al., 2007; Peters, 1996) which possess distinctive features to
facilitate ligand binding. Human serum albumin is the predominant protein in the blood
plasma and constitutes for more than 50 % of the total plasma protein content (Quinlan
et al., 2005). The remaining albumin is distributed in the extracellular locations such as
skin, muscle and other body fluids (cerebrospinal, pleural, peritoneal, pericardial,
amniotic fluids, etc) as well as secretions including milk, sweat, tears and saliva (Quinlan
et al., 2005).

24.1 Physicochemical properties of HSA

Table 2.2 shows some of the physicochemical properties of HSA. Human serum
albumin has a molecular mass of ~ 66 kDa, as obtained from the amino acid composition
(66 438 Da) as well as matrix-assisted laser desorption / ionization-time of flight
(MALDI-TOF) mass spectrometry (66 479 Da) (Dockal et al., 1999; Peters, 1996). Based
on the x-ray crystallographic results, the 3—D equilateral triangle shape of HSA was
described with a side of 80 A and a depth of 30 A (He & Carter, 1992). Although HSA is
known to possess a heart-shaped tertiary structure, but it is spheroid when placed in a
solution (Quinlan et al., 2005). The protein was found to poses axial ratio of 3:1 of HSA,
as predicted from the frequency dispersion of the dielectric constant (Scheider et al.,
1976). A value of 26.7 A was suggested for the radius of gyration (Carter & Ho, 1994).
The globular conformation of HSA was prescribed based on its frictional ratio of 1.28:1
and its intrinsic viscosity of 0.040 dl g!' (Jirgensons, 1955; Oncley et al., 1947). The
protein isoelectric point was found to be 4.7 for fatted HSA while and 5.8 in the fatty acid
free form (Peters, 1996). The protein possesses a net charge at pH 7.4 as —19, which
supports its high solubility in aqueous environment. The isoionic point of HSA is 5.16
(Putnam, 1975) and it has an extinction coefficient of 5.3 at 280 nm (Wallevik, 1973).

The conformation of HSA is mainly contributed by a-helical structure, accounting for
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Table 2.2: Physicochemical properties of HSA.

Property Value Reference
Molecular mass

- Amino acid composition 66 438 Da Peters (1996)

-  MALDI-TOF 66 479 Da Dockal et al. (1999)

Diffusion coefficient, D2ow 6.1 x107 cm?s!  Oncley et al. (1947)

Sedimentation coefficient, Sxow 428 Hunter & McDuffie (1959)

Frictional ratio, f/fo
Axial ratio
Radius of gyration

Overall dimension

Intrinsic vicosity, [#]

Partial specific volume, v,

Isoelectric point

- Native
- Defatted
Isoionic point
Net charge (pH 7.4)
el % at 280 nm
Secondary structures

- a-helix

- B-form

1.28:1
3:1
26.7 A

80 x 80 x 30 A

0.0460 dl g!

0.733 cm’ g!

4.7
5.8
5.16
-19

53

67 %

10 %

Oncley et al. (1947)

Scheider et al. (1976)

Carter & Ho (1994)

He & Carter (1992)

Jirgensons (1955)

Hunter (1966)

Peters (1996)
Peters (1996)
Putnam (1975)

Tanford (1950)

Wallevik (1973)

Carter & Ho (1994)

Carter & Ho (1994)
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67 % secondary structure, while the rest of the residues are folded into B-pleated sheets

(10 %) and flexible regions (23 %) between subdomains (Carter & Ho, 1994).

2.4.2 Structural characteristics of HSA

The amino acid composition of HSA is shown in Table 2.3. The protein is characterized
by the presence of a single Trp residue, while large number of charged amino acid
residues, i.e., His (16), Arg (24), Asp (36), Glu (62) and Lys (59) contribute towards its
aqueous solubility. Besides, hydrophobic amino acid residues are also broadly
distributed, i.e., Ala (62), Leu (61), Phe (31), Pro (24) and Val (41). The sulphur
containing amino acids are distributed as 35 Cys and 6 Met residues. The amino acid
sequence of HSA is shown in Figure 2.5, which is made up of a single polypeptide chain
of 585 amino acid residues. These residues are grouped together under nine loops through
seventeen disulphide bridges. These loops are further organized into three homologous
domains, namely I, II and III, in which each domain is made up of two larger loops and
one shorter loop. The domains I, IT and III consist of amino acid residues from 1-195,
196-383, and 384585, respectively (Peters, 1996). These domains are further divided
into two subdomains ‘A’ and ‘B’. The subdomains IA, IIA and IITA are made up of the
first two loops of each domains, 1-2, 4-5, and 7-8, respectively. On the other hand,
subdomains IB, IIB and IIIB were characterized by the loops 3, 6 and 9, respectively
(Peters, 1996). The subdomains ‘A’ and ‘B’ consist of six and four a-helices, respectively,
which have similar patterns of helices h1-h4 in both the subdomains. However, two
additional short helices (h5 and h6) are the part of subdomain A (Figure 2.6). Out of 35
cysteine residues, 34 are engaged in the formation of seventeen disulphide bridges while
the lone Cys residue (Cys-34) is localised in subdomain IA. The arrangement of the six

subdomains is shown in Figure 2.7.
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Table 2.3: Amino acid composition of HSA. (Adapted from: Peters (1996)).

Amino acid Number of residues
Alanine 62
Arginine 24
Asparagine 17
Aspartic acid 36
Cysteine 35
Glutamic acid 62
Glutamine 20
Glycine 12
Histidine 16
Isoleucine 8
Leucine 61
Lysine 59
Methionine 6
Phenylalanine 31
Proline 24
Serine 24
Threonine 28
Tryptophan 1
Tyrosine 18
Valine 41
Total 585

20



DOEE®E
R A AN GAAS R e D R A Y &&@6@@?@@&%’
HOEEHPHEGEEEREEORERSOBEHEE" Loop 1
@Bﬁﬁ‘a‘tﬁﬁﬂﬁﬁﬁtﬂ@‘ffﬂi‘(ﬁ@i‘rw&ﬂm@“@w
(90}
' 4.
Loop 2
Loop 3
Loop 4
Loop 5
Loop 6
7 Loop 7
)
e e
A ':‘.-‘“ 2 "‘.\ . 'i’*f:’:ﬁ
PR 12 () 3 5 2 B () o o R Loop §
EHEES ! P NE
ol Loop 9

Figure 2.5: Amino acid sequence and disulphide bonding pattern of HSA. The
serpentine layout of the polypeptide chain was according to Brown, 1976.
(Copyright permission from Proceedings of the National Academy of Sciences of the
United States of America).
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Figure 2.6: Diagram of helices and disulphide bridges of HSA. Helices are
represented by rectangles, thin lines indicates the loops and turns, whereas, thick
lines shows the disulphide bridges. The nomenclature was obtained from Minghetti
et al. (1986). (Copyright permission from Oxford University Press).
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Figure 2.7: Three-dimensional structure of HSA showing six subdomains, coloured
with six different colours. (Copyright permission from Elsevier).

23



2.4.3 Functions of HSA

Serum albumin is well known for its ligand binding properties, and its ability to
transport large number of ligands, which include both exogenous and endogenous
compounds, i.e., bile salts, fatty acids, amino acids, etc. Besides, HSA carries metal
ionsin the blood circulation such as zinc, iron, calcium, copper and chloride ions (Kragh-
Hansen et al., 2002; Peters, 1996). It also transports therapeutic drugs and toxic
compounds (Kragh-Hansen et al., 2002). Serum albumin has also been documented to
function as antioxidant in protecting protein-bound compounds from oxidative damage
(Roche et al., 2008) as well as possessing enzymatic (esterase) activity (Goncharov et al.,
2017). Being the most abundant protein, HSA functions in the maintenance of blood pH

and osmotic pressure regulation (Figge et al., 1991; Peters, 1996).

244 Binding sites of HSA

Binding of various ligands to different binding sites of HSA has been reported (Curry,
2009; Peters, 1996). According to Sudlow and his group (Sudlow et al., 1975), there are
two well characterised ligand binding sites, known as Sudlow’s Site I and Site II,
respectively. Based on the enzymatic digestion results, their location has been identified
to be in subdomain IIA and IIIA, respectively (Figure 2.8) (Bos et al., 1988; Sudlow et
al., 1975). However, a third binding site in HSA, located in subdomain IB (Figure 2.8)
has also been recognized (Carter et al., 2007). A further information about these binding

sites is given below.

2441 Site I

Site I of HSA is comprised of a pair of non-polar clusters which are joined together by
two-centrally located clusters (at the entrance and at the bottom) of polar residues. At the
entrance, the amino acid residues of Lys-195, Lys-199, Arg-218 and Arg-228 are

accumulated, whereas Tyr-150, His-242 and Arg-257 gathers at the bottom of the pocket
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Figure 2.8: Structure of HSA showing location of different drug binding sites. The
subdomains are coloured differently to distinguish the ligands which are filled as a
space-filling models. (Copyright permission from Elsevier).
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(Ghuman et al., 2005). Site I has been documented as a preferred binding site of bulky
heterocyclic compunds, viz. warfarin, phenylbutazone and azapropazone (Ghuman et al.,
2005; Kragh-Hansen et al., 2002; Sudlow et al., 1975). However, due to the mutual
interaction between warfarin and azapropazone, their binding to Site I have been reported
to be overlapping (Fehske et al., 1982). Therefore, presence of two-independent binding

regions at Site I of HSA has been reported by Kragh-Hansen (1985; 1988).

2.4.4.2 Site 1I

Site II of HSA is characterized as nonpolar in nature due to the presence of
hydrophobic side chains and double disulphide bridges of helix IIla-h3 that lined up the
pocket. Interior of the binding pocket is mostly hydrophobic with a single dominant polar
patch, cantered around the hydroxyl group of Tyr-411, which faces toward the inside of
the pocket and Arg- 410, which is located at the entrance of the pocket (Sugio et al.,
1999). The size of Site Il is smaller as compared to Site I, which prevents the involvement
of overlapping binding sites as in Site I. This also induced a lesser flexibility in the
binding of ligands, which indicates the binding of ligands to Site II is influenced by
stereoselectivity (Kragh-Hansen et al., 2002). For instance, diazepam is known to bind to
Site I of HSA but the binding of fluorinated diazepam was hampered (Chuang & Otagiri,

2001).

2443 Site I1I

The third binding site of HSA, i.e., Site III (non classical binding site) was discovered
by Carter et. al. (2007; 2010) who claimed subdomain IB to be third-major drug binding
site. The hydrophobic cavity of the Site III consist of three basic residues at its entrance
and the binding pocket is partly blocked by Tyr-138 and Tyr-161 residues in the absence
of ligand (Zunszain et al., 2003). The binding of ligand at the D-shaped cavity of Site III

includes, hemin, digitoxin, and tamoxifen (Ojingwa et al., 1994; Zsila, 2013).
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In reference to the pharmacological importance of SDN and HSA, SDN interaction
with HSA is yet to be explained in terms of binding affinity, forces involved in the
interaction, microenvironmental changes around protein fluorophores, electrochemical
changes, and thermal stability of HSA and its binding site on HSA. These binding
characteristics were studied using different spectroscopic and computational modelling

methods which are explained in further sections.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

3.1.1 Protein, drug and site markers

Essentially fatty acid-free human serum albumin (HSA) (purity>99%; Lot
#068K7538V), sulfadoxine (SDN) (purity>95%; Lot #BCBS4285V), warfarin (WFN)
(purity>98%; Lot #104K1261) and hemin (HMN) (purity>80%; Lot #015K0872) were
procured from Sigma-Aldrich Co., St Louis, MO, USA. Diazepam (DZM) (purity>98%;

Lot #1071B02) was purchased from Lipomed AG, Arlesheim, Switzerland.

3.1.2 Other chemicals/materials

Sodium dihydrogen phosphate and di-sodium hydrogen phosphate were purchased
from SYSTERM®, Selangor, Malaysia. Dimethyl sulphoxide (DMSO) was obtained
from Merck Millipore, Darmstadt, Germany. The cellulose nitrate membrane filters with
0.45 uM pore size were purchased from Whatman GmbH, Dassel, Germany.
Polyvinylidene fluoride (PVDF) membrane filters of 0.45 uM pore size were obtained

from Merck Millipore, Darmstadt, Germany.

Ultrapure (Type 1) water obtained from the Milli-Q water purification system of

Merck Millipore, Darmstadt, Germany.

3.2 Methods

3.2.1 pH measurements

pH measurements of different solutions were made using a delta 320 pH meter
(Mettler-Toledo GmbH, Switzerland), attached with a HA405-K2/120 combination

electrode. pH meter calibration was made using standard buffers of pH 7.0 and pH 10.0

28



before the pH measurements in the neutral and alkaline pH ranges, respectively. The least

count value of the pH meter was 0.01 pH unit.
3.2.2 Preparation of the stock solutions

The stock solution of HSA was prepared in 60 mM sodium phosphate buffer, pH 7.4.
The protein concentration was determined spectrophotometrically using a molar
extinction coefficient (£,) of 36 500 M~ cm™' at 280 nm (Painter et al., 1998). The stock
solution was kept at 20 °C and used within a week of preparation. The stock solution was
diluted with 60 mM sodium phosphate buffer, pH 7.4 to the desired concentration to

prepare the working solutions.

The drug (SDN) stock solution was prepared by dissolving 5 mg of its crystals into
5 ml of DMSO. The stock solution was kept at 20 °C and was diluted with 60 mM sodium

phosphate buffer, pH 7.4 to the desired concentration to prepare the working solutions.

The stock solutions of site markers (WFN, DZM and HMN) were also prepared in
DMSO and stored at 20 °C. The working solutions were made by diluting the stock
solutions with 60 mM sodium phosphate buffer, pH 7.4. A value of &, = 13, 600 M

cm ! at 310 nm (Twine et al., 2003) was used to determine the WFN concentration.

Various metal salt solutions were prepared by dissolving their crystals in Milli-Q
water. The metal salts used were magnesium chloride (MgCl,), potassium chloride (KCl),
calcium chloride (CaCly), manganese (II) chloride (MnCl,), copper (II) chloride (CuCl,),
and barium chloride (BaClz). The working solutions were prepared by diluting them with

water.
3.2.3 Fluorescence spectroscopy

Fluorescence measurements were carried out on a Jasco FP-6500 spectrofluorometer

(Jasco International Co., Japan), set up with a 150 W Xenon lamp. A quartz cuvette of
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1 cm path length was used by placing it in a thermostatically controlled water-jacketed
cell holder, which was connected to a Protech 632D circulating water bath. The widths
of the excitation and emission slits were fixed at 10 nm each, while the detector voltage
sensitivity was maintained at 240 V. A response time of 2 sec and scan speed of 500 nm

1

min' was used throughout these studies. The excitation wavelength (Aex) was fixed at

280 nm while the emission wavelength range was selected from 300 nm to 400 nm.

The three-dimensional (3-D) fluorescence spectra of HSA (3 uM) were obtained in the
absence and the presence of SDN with [SDN]:[HSA] molar ratios as 3:1 and 6:1, using
the excitation wavelength range from 220-350 nm (5 nm intervals), while the emission

wavelength range was fixed from 220-500 nm.

3.24 Absorption spectroscopy

Ultraviolet-visible (UV-Vis) absorption measurements were made on Shimadzu UV-
2450 UV-Vis spectrophotometer (Shimadzu, Japan), using a pair of 10 mm path length
quartz cuvettes. The absorption spectra of HSA (15 uM), SDN-HSA mixtures (1:1, 2:1
and 4:1) and SDN solutions (15, 30 and 60 pM) were obtained by scanning the samples

between the wavelengths of 240 nm and 320 nm.

Alternatively, the absorption spectra of the protein (3 pM HSA) and SDN-HSA
mixtures with increasing SDN concentrations (3—24 pM with 3 uM intervals) were also
acquired in the wavelength range, 300400 nm. The absorption data, thus obtained were

used for the inner filter effect correction of the fluorescence data.

3.2.5 Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained on J-815 spectropolarimeter (Jasco
International Co., Japan), equipped with a thermostatically controlled water-jacketed cell

holder under constant nitrogen flow at 298 K. The far-UV (200-250 nm) CD spectra were
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collected using 1 mm path length quartz cuvette and a protein concentration of 3 uM,
whereas a 10 mm path length quartz cuvette and 6 uM protein concentration were used
to record the near-UV (250-300 nm) CD spectra. The CD spectra were recorded both in
the absence and the presence of SDN using the [SDN]:[HSA] molar ratio of 1:1. A data
pitch of 1 nm, response time of 0.5 sec and scanning speed of 100 nm min' were
employed to record these spectra at 298 K. The observed CD values (6,55) were converted

to mean residue ellipticity (MRE) values, using Eq. (3.1) (Chen et al., 1972) :

Bob MRW
MRE = 2222222 3.1)
Cp X 1 X10

where MRW refers to the mean residue weight (molecular weight of protein (66, 500 Da)
/ total number of amino acids (585)), while C, and / are the concentration of protein in

mg ml ! and cuvette length in cm, respectively.

The a-helical content of HSA in the absence and presence of SDN was calculated from

the MRE»g value using the equation, given below (Lu et al., 1987):

MRE,qg —4000)

a-helix (%) = | S22 | 100 (3.2)

3.2.6 SDN-HSA interaction studies

The interaction studies between SDN and HSA were made using the fluorescence

quenching titration method as described below.
3.2.6.1 Fluorescence quenching titration

A constant amount of protein (3 uM HSA) was titrated with SDN using increasing
concentrations (3—24 uM with 3 pM intervals) in different tubes, while making the total
volume to 6 ml with 60 mM sodium phosphate buffer, pH 7.4. The solution mixture was
vortexed prior to incubation for 30 min at the desired temperatures (290, 300, 310 and

313 K). A further incubation of 6 min at the desired temperature was made after placing
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the sample-filled cuvette into the cuvette holder. An emission wavelength range of

300—400 nm was used to record the fluorescence intensity using Aer of 280 nm.
3.2.6.2 Inner filter effect correction

The fluorescence spectral data were corrected for the inner filter effect as suggested

by Lakowicz (2006); using the following equation:

Fcor — Yobs 1O(AeX+Aem)/2 (3.3)

where Fe,- is the corrected fluorescence intensity and Fips is the measured fluorescence
intensity. 4ex and Aen represent the difference in the absorbance values of the protein
measured in the presence of ligand at the excitation (dex) and emission (1en) wavelengths,

respectively.
3.2.6.3 Fluorescence data analysis

The Stern-Volmer equation was employed to analyse the quenching mechanism
involved in SDN-HSA system. The fluorescence data were treated according to the

following Stern-Volmer equation (Lakowicz, 2006), as shown below:
Fo/F =Key [Q] +1 = kq7o [Q] +1 (3.4

where Fyp and F are the fluorescence intensity values of HSA in the absence and the
presence of the quencher (SDN), respectively. Ksy is the Stern-Volmer constant and [Q]

is the concentration of the quencher.

The bimolecular quenching rate constant (k) for SDN-HSA interaction was calculated
from the Ksy values with the help of Eq. (3.5) using the average lifetime of HSA without

quencher (z9) as 6.38 X 10~ sec (Abou-Zied & Al-Shihi, 2008).

kg =Ksv/ 10 (3.5)
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The binding constant, K, values for SDN-HSA system were determined by analysing

the fluorescence data using the following double logarithmic equation (Bi et al., 2004):

log (Fo-F)/ F = nlogK, —nlog [1/ ([Ly — (Fo — F)[Pr]/ Fo) (3.6)

where [L7] and [Pr] represent the total concentration of the ligand and the protein,

respectively.
3.2.6.4 Thermodynamic parameters

The van’t Hoff equation was used to determine the thermodynamic parameters; i.e.,

enthalpy change (4H) and entropy change (4S5) of SDN-HSA interaction.

InK,= —AH/RT + AS/R (3.7)

where R is the gas constant (8.314 J mol! K™!) and T is the absolute temperature
(273 +_°C). Values of 4H and 4S were obtained from the slope and intercept values of

the van’t Hoff plot, between In K, and 1/7.

The values of the free energy change of the binding reaction (4G) at different
temperatures were calculated by substituting the values of 4H and A4S into the following

equation:

AG = AH —TAS (3.8)

3.2.7 Electrochemical studies

The electrochemical studies on SDN-HSA system were performed on an Auto-142
labPGSTAT30 potentiostat / galvanostat (Ecochemie, Neterlands). The cyclic
voltammetry and differential pulse voltammetry were conducted in a compartment of
10 ml single three-electrode glass cell containing Ag/AgCl as the reference electrode,
platinum wire as the counter electrode and glassy carbon electrode (GCE) of 3 mm

diameter as the working electrode. GCE was polished gently with 0.3 micron Al>O3 slurry
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on a polishing cloth, followed by rinsing with distilled water before each experiment. All
measurements were performed at 298 K. The cyclic voltammetry was performed using
3 uM HSA, 48 uM SDN and 9SDN-HSA (6:1) mixture in 60 mM sodium phosphate
buffer, pH 7.4, pre-incubated for 30 min at 298 K and scanning them in the potential

range, 0.5-1.0 V with the scan speed of 0.1 V.

The differential pulse voltammetry was further performed for quantitative
determination of SDN on HSA using 3 uM HSA, while varying the SDN concentration
as 0, 18, 24, 30, 36, 42 and 48 pM. The mixtures were stirred for 10 sec before current

measurement in the potential range, 0.75-0.90 V with the scan speed of 0.1 V.

3.2.8 Thermal stability studies

Thermal stability of the protein was assessed in the absence and presence of SDN by
recording fluorescence intensity at 342 nm within the temperature range of 303-343 K.
The samples contained either 3 pM HSA or SDN-HSA (6:1) mixture, pre-incubated for
30 min at 298 K. These samples were further incubated for 8§ min at each temperature

within the studied range, before fluorescence intensity measurements.

3.29 Identification of the SDN binding site

The SDN binding site identification on HSA was made by carrying out the competitive

ligand-displacement as well as molecular docking studies.

3.2.9.1 Competitive ligand-displacement studies

Three site markers, viz., WFN for Site I, DZM for Site II and HMN for Site III were
used in competitive ligand-displacement experiments. Site marker-HSA (1:1; 3 uM each)
mixtures were pre-incubated at 298 K for 30 min before titrating them with increasing
SDN concentrations (3—24 uM; 3 uM intervals) in a total amount of 6 ml. The solution

mixtures were vortexed and further incubated for 30 min at 298 K. The fluorescence
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spectra of mixtures containing WFN were recorded in the wavelength range, 360—480 nm
using Aex of 335 nm. On the other hand, DZM and HMN containing mixtures were
analysed for fluorescence intensity measurements at 342 nm using Aex of 280 nm. Parallel
experiments with 3 uM HSA without site marker were also carried out under similar

conditions to act as a control.

3.2.9.2 Molecular docking studies

The three-dimensional (3-D) structure of HSA [PDB ID:1BMO0] was selected from the
Protein Data Bank while the 3-D structure of SDN was generated with Avogadro software
(Hanwell et al., 2012) and further amended using the MMFF94 force field (Halgren,
1996). The PDB ID: 1BMO entry was chosen for this docking study since it is in apo-
form (no bounded ligand), with no missing residues, absence of any form of mutation and
within a relatively good resolution limit (2.50 A). Moreover, other studies have also used
this structure in their projects (Hu et al., 2011; Sharifi & Ghayeb, 2018). Prior to
molecular docking, removal of crystallized water molecules, addition of non-polar
hydrogens and computation of Kollman charges were performed for HSA structure using
AutoDockTools 4 (Morris et al., 2009). Independent docking for both of the Sudlow’s
binding sites on HSA (Sudlow et al., 1975) was conducted by specifying the grid box as
x: 35.35, y: 32.41, z: 36.46 for Site I and x: 14.42, y: 23.55, z: 23.31 for Site Il on HSA
with the dimension of 70 % 70 x 70 grid points. The molecular docking with AutoDock4
(Morris et al., 2009) was executed by selecting Lamarckian genetic algorithm as the
search engine with the parameters set to 100 search runs, 150 population size, while the
generation and energy evaluation were fixed to 27,000 and 250,000, respectively.
Analysis of the docking simulation was done by using the root-mean-square deviation
(RMSD) of 2.0 A in clustering the obtained results. The interaction generated by the

complex was visualized and captured using UCSF Chimera (Pettersen et al., 2004).
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LigPlot+ was used in observing the interaction of SDN with the binding Site I of HSA

(Wallace et al., 1995).

3.2.10 Influence of metal ions on SDN-HSA interaction

To study the effect of metal ions on SDN-HSA interaction, a fixed amount of metal
salts was added to the protein solution followed by incubation for 1 hour at 298 K. The
titrations of HSA in the presence of increasing concentrations of SDN (3—24 uM) were
performed in the same way as described in Section 3.2.6.1. The final concentrations of
HSA and metal salts (MgCl>, KCl, CaCl,, MnCl,, CuCl; and BaCly) were 3 uM and 30
uM, respectively. An additional incubation time of 30 min was used after the addition of
SDN before fluorescence measurements (Kabir et al., 2017). Analysis of the fluorescence
data were made in the same way as described earlier (Section 3.2.6.3) to determine the

K, values.

3.2.11 Statistical analysis

All experiments were conducted at least three times and the results are reported as the
average values with the mean standard deviation. The processing, curve fitting and
smoothing of the curves were employed using the OriginPro 8.5 software (OriginLab

Corp., Northampton, Massachusetts, US

36



CHAPTER 4: RESULTS AND DISCUSSION

4.1 SDN-HSA interaction

Fluorescence spectroscopy is a widely used technique in studying ligand-protein
interaction due to its high sensitivity to local environmental change, rapid measurement
and simple quantitative analysis (Brand & Johnson, 2008; Oravcova et al., 1996; Valeur,
2009). Fluorescence detection in proteins is employed in exploring the change around
the fluorophore’s microenvironment upon ligand binding, which subsequently produces
reliable information about ligand-protein interaction (Mocz & Ross, 2013; Sharma &
Schulman, 1999). The fluorescence characteristics of HSA are due to the presence of
aromatic amino acid residues, i.e., tryptophan (Trp), tyrosine (Tyr) and phenylalanine
(Phe). However, the intrinsic fluorescence of the protein is mainly contributed by sole
tryptophan (Trp-214) residue as the Tyr fluorescence is usually quenched in its ionized
form or due to the presence of neighbouring amino groups, carboxyl groups or Trp
residue, while quantum yield of Phe is very low (Chen & Barkley, 1998; Moller &
Denicola, 2002). Therefore, interaction of SDN with HSA was studied by employing the

fluorescence quenching titration method.

4.1.1 Fluorescence quenching titration results

All fluorescence spectra of HSA and SDN-HSA mixtures were corrected for the inner
filter effect as described in Section 3.2.6.2. Figure 4.1 (A-D) displays the corrected
fluorescence spectra of HSA in the wavelength range between 300 nm and 400 nm,
obtained in the absence and the presence of increasing concentrations of SDN at 290 K,
300 K, 310 K and 313 K, respectively, when excited at 280 nm. The advent of the
emission maxima at 342 nm was reflective of the presence of Trp in HSA (Lakowicz,
2006). A progressive decrease in the fluorescence intensity (fluorescence quenching) of

HSA at 342 nm was observed upon concurrent addition of increasing concentrations of
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Figure 4.1: Fluorescence spectra of HSA in the absence and the presence of increasing
SDN concentrations at four different temperatures, i.e., 290 K (A), 300 K (B), 310 K
(C) and 313 K (D), obtained in 60 mM sodium phosphate buffer, pH 7.4, upon
excitation at 280 nm. The concentration of HSA was 3 pM while the concentration of
SDN (from top to bottom, 1—9) varied as 0—24 pM with regular increments of 3 pM.
Fluorescence spectrum of free SDN (24 pM) is represented by dotted lines.
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SDN at all the studied temperatures. However, the decrease was found to be inversely
correlated with temperature i.e., the decrease became lesser with increasing temperature
at all SDN concentrations (Figure 4.2). The highest SDN concentration (24 uM) produced
a pronounced decrease in the fluorescence intensity along with significant blue shift in
the emission maxima. Values of the percentage decrease in the fluorescence intensity
along with the extent of blue shift in the emission maxima, observed at different
temperatures were ~ 48 %, 3 nm (290 K); ~ 46 %, 4 nm (300 K); ~41%, 3 nm (310 K)
and ~ 37 %, 3 nm (313 K), respectively. The blue shift could be due to the change in the
microenvironment (from polar to nonpolar) around Trp-214 residue of the protein
(Brodersen et al., 1977). It may be noted that free SDN did not show any significant
fluorescence intensity within this wavelength range (spectra shown as dotted lines in

Figure 4.1).

4.1.2 Mechanism of quenching

The fluorescence quenching can be classified as static or dynamic quenching, which
can be distinguished based on time-resolved fluorescence decay as well as temperature
dependence (Lakowicz, 2006). In order to characterize the SDN-induced quenching,
SDN-HSA titration results, obtained at four different temperatures (290, 300, 310 and
313 K) were analysed according to Eq. (3.4). The Stern-Volmer plots shown in Figure
4.3 was found linear in the concentration range used, suggesting involvement of a single
quenching mechanism. The values of the Stern-Volmer constant (Ksy) were obtained
from the slopes of the linear Stern-Volmer plots (Figure 4.3) and are given in Table 4.1.
Our results showed increase in the Ksy value with increasing temperature, thus
characterizing the SDN-induced quenching of protein fluorescence as dynamic
quenching. In order to adjudicate the SDN-induced quenching of HSA fluorescence, we
calculated the value of the bimolecular quenching rate constant, &, of SDN-HSA system

at four different temperatures, using Eq. (3.5). Interestingly, the k, values (Table 4.1) were
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Figure 4.2: Plot showing the decrease in the relative fluorescence intensity at 342 nm
(Relative FI342 nm) of HSA with increasing concentrations of SDN at four different
temperatures, i.e., 290 K, 300 K, 310 K and 313 K. Values of the FI342 nm at different
SDN concentrations were taken from the data, shown in Figure 4.1.
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Figure 4.3: Stern-Volmer plots for the fluorescence quenching data of the SDN-HSA
system, obtained in 60 mM sodium phosphate buffer, pH 7.4 at four different
temperatures, i.e., 290 K, 300 K, 310 K and 313 K.
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Table 4.1: Values of the quenching constant, bimolecular quenching rate constant,
binding constant and thermodynamic parameters of SDN-HSA binding reaction at
four different temperatures.

T  Keyx10* kyx10Z K, x 10 n AS AH AG
K M) Mlsh) M) (@ mol'K') (kJ mol) (kJ mol™)
290 3.15£0.04 4.94  3.22+0.01 0.98+0.00 -25.03
300 3.39+0.01 531  3.49+0.02 0.99+0.01 +104.42  + 525  —26.07
310 3.51+0.03 5.50 3.58+0.08 1.00+0.01 -27.12
313 3.8140.06 5.97 3.88+0.07 0.98+0.01 —27.43
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found higher than the maximum dynamic quenching rate constant (2.0 x 10'° M~!s™),

thus supported SDN-induced quenching of protein fluorescence as static quenching.

To further confirm the static quenching, involved in the SDN-HSA system and
complex formation between SDN and HSA, UV-Vis absorption spectra of HSA were
recorded in the absence and the presence of increasing SDN concentrations. The excited
state of the fluorophore will only be affected in dynamic quenching without changing the
UV-Vis absorption spectrum, while significant changes occur in the UV-Vis absorption
spectrum due to ground state complex formation in static quenching. As can be seen from
Figure 4.5, the UV-Vis absorption spectrum of HSA was significantly affected upon
addition of SDN, which suggested complex formation between SDN and HSA. The UV-
Vis absorption spectra of HSA in the presence of SDN, as shown in Figure 4.5 were
obtained after subtracting the UV-Vis absorption spectra of free SDN (Figure 4.4B) from
the UV-Vis absorption spectra of SDN-HSA mixtures (Figure 4.4 A). Therefore, these
results strongly suggested the involvement of static quenching mechanism and thus

complex formation between SDN and HSA.

4.1.3 Binding constant

The fluorescence quenching titration data obtained at four different temperatures were
transformed into double logarithmic plots (Figure 4.6) using Eq. (3.6), which were used
to determine the binding constant (K,;) for SDN-HSA interaction. The K, values thus
obtained are shown in Table 4.1. These values were noticed to fall in the order of 10%,
which implied a moderate binding affinity between SDN and HSA. Such binding affinity
is beneficial for the drug transport via blood circulation, as it may favour the optimum
distribution and its easy release at the target site. This may also increase the drug’s
efficacy and enhance its therapeutic effects at the target site (Chaves et al., 2015). Many

published reports have shown the binding affinity between the transport protein and the
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Figure 4.4: (A). UV-Vis absorption spectra of 15 pM HSA (spectrum ‘1’) and SDN-
HSA mixtures i.e., 1:1 (spectrum ¢2°), 2:1 (spectrum “3’) and 4:1 (spectrum ‘4°).
(B). UV-Vis absorption spectra of SDN at 15 uM (spectrum ‘1), 30 pM (spectrum
2°) and 60 pM (spectrum “3’) concentrations. These spectra were obtained in 60
mM sodium phosphate buffer, pH 7.4 at 300 K.
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Figure 4.5: UV-Vis absorption spectra of HSA in the absence and the presence of
increasing SDN concentrations, obtained in 60 mM sodium phosphate buffer, pH
7.4 at 300 K. The concentration of HSA was fixed at 15 pM (spectrum 1) while the
concentration of SDN (from bottom to top, 2—4) varied as 15 pM, 30 pM and 60
pM, respectively. These spectra were obtained after subtracting the absorption
spectra of SDN (Figure 4.4 (B)) from the absorption spectra of SDN-HSA mixtures
(Figure 4.4 (A)).
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Figure 4.6: Double logarithmic plots of log (Fo— F) / F against log [ 1/ (] L] — (Fo—
F) [P1] / Fo)] for the fluorescence quenching data of the SDN-HSA system, obtained
in 60 mM sodium phosphate buffer, pH 7.4 at four different temperatures, i.e., 290
K, 300 K, 310 K and 313 K.
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drugs as moderate (Chadha et al., 2020; Chaves et al., 2018; Mousavi & Fatemi, 2019;
Peng et al., 2016; Rastegari et al., 2016). Such range of the binding constant between
drugs and HSA, is helpful in altering drugs’ distribution and efficacy in human circulation
(Keen, 1971; Ranjbar et al., 2013; Zhivkova, 2015) as well as their pharmacokinetics
(Keen, 1971). Several published reports have suggested the importance of drug-protein
interaction study in understanding the pharmacokinetic criteria of the drugs, which may
be useful in the clinical therapy (Liu et al., 2017; Ranjbar et al., 2013; Otagiri, 2005;
Yeggoni et al., 2017). Furthermore, K, value was found to increase with increasing
temperature (Table 4.1), which predicted participation of endothermic nonpolar forces in
SDN-HSA complex formation, as these forces are strengthened at higher temperatures
(Bijari et al., 2013). Values of ‘n’ were found to be close to 1.0 (Table 4.1), suggesting

single class of SDN binding site on HSA.

4.14 Binding forces

In order to confirm the binding forces involved in SDN-HSA interaction, thermodynamic
parameters, i.e., enthalpy change (4H) and entropy change (4S) of the binding reaction
were determined, using van’t Hoff plot (Figure 4.7). Additionally, values of the Gibbs
free energy change (4G) were retrieved by substituting the values of 45 and 4H into Eq.
(3.8). These values of A4S, 4H and 4G are also included in Table 4.1. The negative sign
of 4G revealed spontaneous reaction between SDN and HSA at all temperatures. Positive
value of 4H suggested the interaction as an endothermic reaction. This justified the
increase in the K, values with increase in temperature, as found for SDN-HSA system
(Table 4.1). A larger negative value of 74S, contributed by positive value of A4S
surmounted the negative contribution of positive 4H value in making the 4G negative,
thus promoting the feasibility of the reaction. Disruption of the ordered water layers
around SDN and HSA molecules, when SDN-HSA complex is formed, was responsible

for increasing the entropy. According to Ross & Subramanian (1981), binding force
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Figure 4.7: The van’t Hoff plot for the interaction between SDN and HSA.
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involved in ligand-protein complex formation can be predicted as hydrophobic force if
both A4S and 4H values are positive. In view of it, SDN-HSA interaction seems to be
stabilised primarily by hydrophobic interactions. However, other forces such as hydrogen
bonds, as deduced from molecular docking results (Section 4.1.9.2) might have added to

the stability of SDN-HSA complex.

4.1.5 SDN-induced electrochemical changes in HSA

Cyclic voltammetry has also been exploited to show complex formation between
protein and small molecules (Magdum et al., 2017; Maurya et al., 2019; Wu et al., 2019).
In view of it, variations in the electrochemical signals were monitored to investigate the
interaction between HSA and SDN at pH 7.4. No significant electrochemical response
was noticed from free HSA or SDN solutions. Nevertheless, SDN-HSA mixture produced
a visible oxidation peak to a slightly higher potential (0.82 V) with an increase in the
oxidation current (1.52 pA) (Figure 4.8). Such current change was suggestive of the
formation of SDN-HSA complex. To support this idea, interaction of SDN with HSA was
studied by monitoring the increase in the peak current from the differential pulse
voltammograms (Figure 4.9), using increasing concentrations of SDN and fixed
concentration of HSA. A linear relationship between the peak current and SDN
concentration was observed (Figure 4.10), suggesting complex formation between SDN
and HSA. This can be explained due to the presence of more intercalation sites for binding
to HSA. Thus, the voltammetric results supported the spectroscopic observations for

SDN-HSA complex formation.

4.1.6 SDN-induced secondary and tertiary structural changes in HSA

CD spectra in the far-UV and the near-UV regions provide useful information about
protein’s secondary and tertiary structures as well as alterations in them, if any, upon

ligand addition (Greenfield, 2006; Kelly & Price, 1997). The far-UV and the near-UV
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Figure 4.8: Cyclic voltammograms of HSA, SDN and SDN-HSA mixture, obtained
in 60 mM sodium phosphate buffer, pH 7.4 in the potential range of 0.5-1.0 V, using
the scan speed of 0.1 V. The concentrations of HSA and SDN were 3 pM and 48 pM,
respectively.
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Figure 4.9: Differential pulse voltammograms of HSA in the absence (1) and with
increasing concentrations of SDN (2-7), obtained in 60 mM sodium phosphate
buffer, pH 7.4 in the potential range of 0.75-0.90 V, using the scan speed of 0.1 V.
The concentration of HSA was fixed at 3 pM while the concentration of SDN (2-7)
varied as 18 pM, 24 pM, 30 pM, 36 pM, 42 pM and 48 pM, respectively.
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Figure 4.10: Linear plot showing correlation between the peak current in the
differential pulse voltammograms of HSA and SDN concentration (Figure 4.9).
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CD spectra of HSA and its equimolar (1:1) mixture with SDN are shown in Figure 4.11
and Figure 4.12, respectively. The helical nature of HSA was evident from the appearance
of two negative bands at 208 and 222 nm in the far-UV CD spectrum (Figure 4.11). A
slight increase in the CD spectral signals at these wavelengths was noticed upon SDN
addition (Figure 4.11), which suggested small secondary structural change in the protein.
Quantitatively, the a-helical content was increased from 59.7 % to 64.5 % in presence of
SDN. Such difference suggested changes in the hydrogen bonding pattern in HSA upon

binding of SDN.

The near-UV CD spectra of HSA (Figure 4.12) showed two minima around 261 nm
and 268 nm, reflecting presence the aromatic chromophores (Trp and Tyr residues) and
disulphide bonds in the protein (Kelly et al., 2005). Presence of SDN produced decrease
in the MRE values at these wavelengths, suggesting alteration in the protein’s tertiary
structure upon SDN addition. Similar changes in the CD spectrum have been
demonstrated in many ligand-binding studies (Kabir et al., 2016; Musa et al., 2020; Peng

etal., 2014; Wu et al., 2018).

4.1.7 SDN-induced microenvironmental changes in HSA

Advantage of the three-dimensional (3-D) fluorescence spectra was taken to observe
microenvironmental changes around protein fluorophores, that occurred upon SDN
addition. Figures 4.13—4.15 represent the 3-D fluorescence spectra and corresponding
contour maps of HSA and SDN-HSA mixtures in [SDN]:[HSA] molar ratios of 3:1 and
6:1, respectively. The 3-D fluorescence spectra were characterized by the emergence of
two pairs of spectral peaks. While peaks ‘a’ and ‘b’ were originated due to scattering,
peaks ‘1’ and ‘2’ represented fluorescence contribution of Tyr and Trp residues of the
protein (Makarska-Bialokoz & Lipke, 2019; Tayyab et al., 2019). Table 4.2 shows

position and intensity of these peaksin HSA and SDN-HSA mixtures. Significant
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Figure 4.11: Far-UV CD spectra of HSA and SDN-HSA (1:1) mixture. The CD
spectra were recorded using a protein concentration of 3 pM in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K.
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Figure 4.12: Near-UV CD spectra of HSA and SDN-HSA (1:1) mixture. The CD
spectra were recorded using a protein concentration of 6 pM in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K.
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Figure 4.13: Three-dimensional fluorescence spectra and corresponding contour
map of 3 pM HSA, obtained in 60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.14: Three-dimensional fluorescence spectra and corresponding contour
map of SDN-HSA (3:1) mixture, obtained in 60 mM sodium phosphate buffer, pH
7.4 at 298 K. The protein and SDN concentrations were 3 pM and 9 pM, respectively.
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Figure 4.15: Three-dimensional fluorescence spectra and corresponding contour
map of SDN-HSA (6:1) mixture, obtained in 60 mM sodium phosphate buffer, pH
7.4 at 298 K. The protein and SDN concentrations were 3 pM and 18 pM,
respectively.
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Table 4.2: Three-dimensional fluorescence spectral characteristics of HSA and
SDN-HSA mixtures, obtained at 60 mM sodium phosphate buffer, pH 7.4.

System Peak Peak position Intensity
[lex/lem, nm/nm]
—a 230/230—350/350 22.4—82.1
b 250/500 71.6
HSA —
1 280/338 273.4
—2 230/334 82.2
—a 230/230—350/350 21.3—89.4
b 250/500 514
[SDN]: [HSA] =3:1
1 280/338 213.1
—2 230/332 43.8
— a 230/230—350/350 20.1—104.8
b 250/500 31.8
[SDN]: [HSA]=6:1 <
1 280/338 138.3
—2 230/333 28.8
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reduction in the intensities of peaks ‘1’ and ‘2’ were noticed upon SDN addition. The
decrease was ~ 22 % (peak ‘1’) and ~ 47 % (peak ‘2’) at 3:1 [SDN]:[HSA] molar ratio,
which increased to ~ 49 % (peak ‘1”) and ~ 64 % (peak ‘2’) at 6:1 [SDN]:[HSA] molar
ratio (Table 4.2). Such decrease in the intensity reflected microenvironmental changes
around Tyr and Trp residues in the presence of SDN, thus suggesting complex formation

between SDN and HSA.

4.1.8 SDN-induced thermal stabilization of HSA

Thermal stability of a protein may be affected in the presence of a ligand, which
suggests complex formation between the protein and its ligand (Celej et al., 2003; Shrake
& Ross, 1988). Temperature-induced changes in the fluorescence intensity at 342 nm
(FI342 nm) of the protein alone as well as ligand-protein (6:1) mixture can be seen from
Figure 4.16. The fluorescence intensity decreased progressively with the increase in
temperature. However, the decrease was significantly lesser in SDN-HSA mixture
compared to the protein alone. Quantitative analysis showed ~ 55% decrease in Flz42nm at
343 K with protein alone while only ~ 35 % decrease was observed with SDN-HSA
mixture at the same temperature. This suggested increased thermal stability of the protein
in presence of SDN as more energy is needed to break additional forces involved in SDN-

HSA complex formation.

4.1.9 SDN binding site in HSA

In order to identify the SDN binding site in HSA, both ligand displacement and

molecular docking experiments were performed.
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Figure 4.16: Bar diagram showing the effect of temperature on the fluorescence
intensity at 342 nm (FI342 nm) of HSA and SDN-HSA (6:1) mixture, obtained in
60 mM sodium phosphate buffer, pH 7.4. The protein concentration was 3 pM,
whereas the temperature varied in the range of 303-343 K, with 5 K intervals.
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4.1.9.1 Ligand-displacement results

To locate the binding site of SDN on HSA, competitive ligand displacement
experiments were conducted with the help of three different site-specific markers, i.e.,
WEFEN, DZM and HMN for Sites I, II and III, respectively (Kragh-Hansen et al., 2002).
Figure 4.17 depicts the fluorescence spectrum of WEFN-HSA (1:1) mixture alone as well
as in the presence of increasing SDN concentrations. While the fluorescence spectrum of
WFN-HSA mixture was characterized by the presence of emission maxima at 383 nm
(Trynda-Lemiesz, 2004), progressive reduction in the fluorescence intensity was seen
with increasing SDN concentrations. The fluorescence signal of WFN-HSA complex is
more specific at 383 nm and any decrease in the fluorescence intensity at 383 nm upon
SDN addition was a clear indication of WFN displacement from HSA. This was a better
signal than the protein fluorescence intensity at 342 nm to study WFN displacement.
Figure 4.18 shows the decrease in the fluorescence intensity at 383 nm (FI3g3 nm) with
increasing SDN concentrations. About 25 % reduction in the fluorescence intensity at 383
nm was noticed at 24 uM SDN concentration (Figure 4.18). Except WFN (3 uM), free
SDN (24 uM), HSA (3 uM) and SDN-HSA (8:1) mixture did not produce any marked
fluorescence within this range (Figure 4.17). Significant reduction in the Fl383 nm of WFN-
HSA (1:1) mixture upon SDN addition was clear indication of the involvement of Site I

for SDN binding.

The fluorescence quenching titration results of HSA alone as well as DZM-HSA (1:1)
and HMN-HSA (1:1) mixtures, obtained with increasing SDN concentrations are shown
in Figure 4.19 (A—C). There was significant decrease in the fluorescence intensity upon
SDN addition in all cases. Although titration results were found to be qualitatively similar,
quantitative differences in the magnitude of the fluorescence intensity reduction were
noticed, which can be clearly seen from Figure 4.20. Therefore, the titration data were

treated according to Eq. (3.6) and the resulting double logarithmic plots are shown in
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Figure 4.17: Fluorescence spectra of WFN-HSA (1:1) mixture in the absence and the
presence of increasing concentrations of SDN, obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K, upon excitation at 335 nm. The concentrations of HSA and
WEN were fixed at 3 pM each while the concentration of SDN (from top to bottom,
1—-9) varied as 0—24 pM with regular increments of 3 pM. Fluorescence spectra of
WFN (3 puM), HSA (3 pM), SDN-HSA (8:1) mixture and SDN (24 pM) are marked
as 1-4, respectively.

63



100

E d
=
g
-
= 75F
=
>
a4
50 A A L A L A 1
0 9 18 27
[Sulfadoxine], pM

Figure 4.18: Plot showing the decrease in the relative fluorescence intensity at
383 nm (Relative FI3s3 nm) of the WFN-HSA (1:1) mixture with increasing
concentrations of SDN. Values of the FI3s3 nm at different SDN concentrations were
taken from the data shown in Figure 4.17.
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Figure 4.19: (A). Fluorescence spectra of HSA in the presence of increasing SDN
concentrations. (B). Fluorescence spectra of DZM-HSA (1:1) mixture, in the
presence of increasing SDN concentrations. (C). Fluorescence spectra of HMN-HSA
(1:1) mixture, in the presence of increasing SDN concentrations. The protein
concentration was 3 pM while the concentration of SDN (from top to bottom, 1—9)
varied as 0-24 pM with regular increment of 3 pM. These spectra were obtained in
60 mM sodium phosphate buffer, pH 7.4 at 298 K, upon excitation at 280 nm.
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Figure 4.20: Plots showing the decrease in the relative fluorescence intensity at 342
nm (Relative FI342 nm) of HSA and its 1:1 mixtures with DZM and HMN upon SDN
addition. The concentrations of HSA and DZM as well as HMN were fixed at 3 pM
each while the SDN concentration varied in the range of 0-24 pM. Values of the
RFI342 nm at different SDN concentrations were taken from the data, shown in Figure
4.19.
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Figure 4.21. Quantitative determination of the binding constant of SDN-HSA system in
the presence of either DZM (K, = 341 + 005 x 10* M) or HMN
(Ka=3.44£0.07 x 10* M) revealed no significant difference compared to the
K, value (3.47 £ 0.06 x 10* M), obtained in their absence. These results clearly
suggested non-involvement of Site II or Site III in the binding of SDN to HSA. On the
other hand, Site I seemed to be the preferable binding site of SDN on HSA. This
conclusion was also supported by the molecular docking results, described in the next
section.

4.1.9.2 Molecular docking results

Molecular docking enabled the prediction and visualisation of generated interactions
between SDN and HSA at the molecular level. The specific docking was aimed at the two
well-known HSA binding sites, namely, Site I and Site II. Initial analysis showed that a
total of 17 clusters were developed on Site I, while 22 clusters on Site II, based on the
100 search runs. In general, the lower number of total clusters on Site I compared to Site
IT indicated stricter movement of SDN on Site I than Site II. As can be visualised from
Figure 4.22, the highest populated cluster on Site I consisted of 33 members with a mean
binding energy of — 29.92 kJ mol™!, whereas 30 members constituted the highest
populated cluster at Site II with mean binding energy of —22.47 kJ mol~'. Moreover,
majority of the clusters generated on Site I possessed higher binding energy (more
negative) than those generated on Site II of HSA. These results indicated that SDN
binding affinity was leaning towards Site I of HSA. Further analysis revealed that the
lowest binding energy of SDN summed on Site I was —33.26 kJ mol™!, compared to
—25.15 kJ mol~! on Site II. These binding energy results indicated that SDN formed a

more stable complex when it was bound to Site I than Site II of HSA.
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Figure 4.21: Double logarithmic plots of log (Fo— F) / F against log [ 1/ ([Lt] — (Fo—
F) [P1] / Fo)] of HSA and its 1:1 mixtures with DZM and HMN for the binding
constant determination.
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Figure 4.22: Cluster analysis showing the docking of SDN to both ligand binding
sites, Site I (A) and Site II (B) of HSA. Leaning of the highest population of
conformational clusters toward Site I (A) was indicative of binding preference of
sulfadoxine to Sudlow’s Site I of HSA compared to Site II (B).
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The inspection of formed molecular interactions between HSA and SDN was done by
utilizing the binding model with the lowest binding energy at Site I. As shown in Figure
4.23, SDN formed two hydrogen bonds at Site I, involving His-242 and Arg-257 residues
of HSA. Furthermore, the bound SDN at Site I was surrounded by amino acid residues
Ser287, Arg222, Arg257, His242, Glu292, Lys199, Trp214, Leu238, Tyri50, Ala291 and
Leu260, as reflected from LigPlot+ (Figure 4.24). Overall, based on the molecular
docking analysis, SDN was shown to have the binding preference at Site I of HSA. These
results were in line to the one obtained from ligand displacement experiments, suggesting

Site I as the preferred SDN binding site.

4.1.10 Effect of metal ions on SDN-HSA system

The fluorescence quenching titration results of SDN-HSA system, obtained in presence
of various metal salts were analysed and transformed into double logarithmic plots, as
shown in Figure 4.25. The values of the binding constant, K, obtained in the absence and
presence of various metal salts are listed in Table 4.3. There was smaller but significant
decrease in the K, values in the presence of these metal salts, which followed the order:
KCl >MnCl, / CuCl; >BaCl,. On the other hand, presence of MgCly, produced a slight
increase in the K, value while no effect was seen in presence of CaCl,. Such alteration in
the K, value can be ascribed either to the binding of metal ions near the SDN binding site
on HSA or to SDN molecule around electronegative atoms to form a bridge between SDN

and HSA. However, more experiments are needed to justify this explanation.
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Site 11

Figure 4.23: Diagram showing the predicted orientation of SDN (rendered in ball
and stick) on Site I of HSA. The three domains of HSA are coloured in orange
(domain I), blue (domain II), and green (domain III). The zoomed-in image shows

the formed hydrogen bonds (pink lines) between the amino acid residues of HSA
(rendered in yellow stick) and SDN at Site 1.
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Figure 4.24: LigPlot+ diagram showing hydrophobic interactions between SDN
(grey) atoms and the amino acid residues of HSA at Site I.
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Figure 4.25: Double logarithmic plots of log (Fo— F) / F againstlog [ 1/ ([Lt] — (Fo—
F) [P1] / Fo)] for SDN-HSA system in the presence of different metal salts, obtained
in 60 mM sodium phosphate buffer, pH 7.4. The concentrations of the protein and
the metal salts (MgClz, KCl, CaCl2, MnCl2, CuCl:2 and BaClz) were fixed as 3 pM
and 30 pM, respectively, while concentrations of SDN varied as 3—24 pM with
regular increments of 3 pM.
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Table 4.3: Values of the binding constant, Ka for SDN-HSA binding reaction in the

absence and the presence of different metal salts.

Metal salts Ka x 104
M)

- 3.49 £0.02
MgClz 407+0.19
KCl 3.29+0.01
CaClh 341+0.11
MnCl: 3.17+0.09
CuCl 3.09 £ 0.06
BaCl: 2.53+£0.13
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CHAPTER 5: CONCLUSION

From these findings, the complex formation between SDN and HSA was affirmed based
on the spectroscopic and voltammetric techniques and was well supported by the
molecular docking results. A moderate binding affinity (3.49 x 10* M™!) between SDN
and HSA involving hydrophobic interactions, as predicted from the thermodynamic data
(45 =+104.42 I mol ' K™!, AH = +5.25 kJ mol™") stabilized the SDN-HSA complex. This
binding produced slight alteration in the microenvironment around protein fluorophores
but increased protein’s thermal stability. SDN preferred to occupy Site I, located in
subdomain IIA of HSA. Small alteration in the K, value, reflecting smaller change in the
binding affinity was also noticed in the presence of a few metal ions. These results will

aid in the understanding of the pharmacokinetics and further development of the drug.
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