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SPECTROSCOPIC AND MOLECULAR MODELING STUDIES ON THE
INTERACTION OF TYROSINE KINASE INHIBITORS WITH HUMAN

SERUM ALBUMIN

ABSTRACT

Targeted therapies, involving new class drug molecules have shown inhibitory
activities against signaling pathways that are responsible for triggering various
carcinomas. Tyrosine kinases form an important class of enzymes of these signaling
pathways and can be a useful target to develop effective therapeutic agents as tyrosine
kinase inhibitors to treat various cancers. Some of the FDA-approved drug molecules,
known as tyrosine kinase inhibitors are vandetanib (VDB), lapatinib (LAP), gefitinib
(GEF) and sunitinib (SU), which are currently being used for the treatment of medullary
thyroid, breast, lung and renal cancers, respectively. Interaction mechanisms of VDB,
LAP, GEF and SU binding to human serum albumin (HSA), the major transport protein
in the human blood circulation were explored using various spectroscopic techniques
such as fluorescence, absorption and circular dichroism (CD) along with in silico
studies. Quenching of the protein fluorescence upon addition of these ligands was
characterized as the static quenching, which confirmed the complex formation between
the ligand and the protein. Such complex formation was also affirmed by absorption
spectral results. Moderate binding affinity for these interactions was evident from the
binding constant (K,) values, obtained at 298 K, which had fallen in the range of 10*-
10° M except VDB-HSA interaction, which showed relatively weaker binding
affinity. Thermodynamic data for the binding equilibria predicted involvement of
hydrophobic and van der Waals interactions along with hydrogen bonds in stabilizing
drug—HSA complexes, which was also supported by molecular docking results. The far-
UV and the near-UV CD spectra showed changes in the secondary and the tertiary

structures, respectively, of HSA upon ligand binding. Three-dimensional fluorescence



spectral results also indicated ligand-induced microenvironmental perturbations around
protein fluorophores. Binding of these ligands to HSA offered significant protection to
the protein against thermal denaturation. Competitive site-marker displacement results
as well as molecular docking analyses revealed preferred binding location of these drug
molecules primarily at site | for VDB and SU while at site 111 for LAP and GEF, located
in subdomains I1A and 1B, respectively, of HSA. The influence of a few common ions

on the binding reaction between the ligand and HSA was also noticed.

Keywords: tyrosine kinase inhibitors, human serum albumin, ligand—protein

interaction, fluorescence quenching, molecular docking



KAJIAN SPEKTROSKOPI DAN PERMODELAN MOLEKUL MENGENAI
INTERAKSI PERENCAT TIROSIN KINASE DENGAN ALBUMIN

SERUM MANUSIA

ABSTRAK

Terapi sasaran melibatkan kelas dadah baru telah menunjukkan aktiviti perencatan
terhadap laluan isyarat yang bertanggungjawab mencetus pelbagai jenis karsinoma.
Tirosina kinase membentuk suatu kelas enzim yang penting dalam laluan isyarat
tersebut, serta merupakan sasaran berguna untuk membangunkan agen terapeutik
berkesan seperti perencat tirosina kinase bagi mengubati pelbagai jenis kanser. Antara
contoh dadah jenis perencat tirosina kinase yang diluluskan Pentadbiran Makanan dan
Dadah (FDA) adalah vandetanib (VDB), lapatinib (LAP), gefitinib (GEF) dan sunitinib
(SV), yang kini digunakan untuk rawatan kanser tiroid medula, kanser payudara, kanser
paru-paru dan kanser ginjal. Mekanisme interaksi VDB, LAP, GEF dan SU dengan
albumin serum manusia (HSA), iaitu protein pengangkut utama dalam sistem peredaran
darah manusia, telah diselidik menggunakan pelbagai kaedah spektroskopik seperti
kependarfluoran, penyerapan dan dikroisme bulatan (CD) serta kajian in silico.
Pelindapkejutan kependarfluoran protein dengan penambahan ligan-ligan tersebut telah
dicirikan sebagai pelindapkejutan statik, sekaligus mengesahkan pembentukan
kompleks antara ligan dan protein. Pembentukan kompleks tersebut juga disokong oleh
hasil kajian spektra penyerapan. Afiniti pengikatan bagi interaksi-interaksi tersebut
didapati sederhana daripada nilai konstan kesatuan (K,) pada suhu 298 K yang ditemui
dalam julat 10°-10°> M™, kecuali bagi interaksi VDB-HSA yang menunjukkan afiniti
pengikatan yang lebih lemah secara relatif. Data termodinamik bagi keseimbangan
pengikatan meramalkan penglibatan daya hidrofobik dan van der Waals serta ikatan
hidrogen dalam penstabilan kompleks dadah—HSA, yang juga disokong hasil

eksperimen dok molekular. Spektra CD ultralembayung jauh dan dekat menggambarkan



perubahan terhadap struktur sekunder dan tertier HSA apabila diikat dengan ligan. Hasil
eksperimen spektra pendarfluor tiga dimensi juga menunjukkan gangguan dalam
persekitaran mikro fluorofore protein oleh ligan. Pengikatan ligan-ligan tersebut dengan
HSA memberi perlindungan ketara kepada protein tersebut daripada penyahaslian
terma. Hasil eksperimen anjakan dadah kompetitif serta analisis dok molekular
mendedahkan keutamaan tapak pengikatan molekul-molekul dadah tersebut di tapak |
bagi VDB dan SU dan tapak Ill bagi LAP dan GEF, masing-masing terletak dalam
subdomain I1A dan 1IB HSA. Beberapa ion lazim juga didapati mempengaruhi tindak

balas pengikatan antara ligan dengan HSA.

Kata kunci: perencat tirosina kinase, albumin serum manusia, interaksi ligan—protein,

pelindapkejutan kependarfluoran, dok molekular
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CHAPTER 1: INTRODUCTION

Cancer is one of the major leading causes of deaths globally. According to the World
Health Organization (WHO) report, the most common cancer incidences, estimated
worldwide are those of the lung, breast and large bowel cancers (Stewart & Wild,
2014). Due to undesirable side effects of traditional cancer therapies (Shih & Wang,
2007), newer approaches for cancer treatments are in great demand. Targeted therapies
are being developed, which use new class drug molecules to inhibit signaling pathways
that are responsible for triggering various carcinomas, viz., breast, lung, thyroid and
kidney cancers (Vanneman & Dranoff, 2012). Since tyrosine kinases play an important
role in signaling pathways, various key promising drug molecules, known as tyrosine
kinase inhibitors are being synthesized and tested as therapeutic agents to treat various
cancers (Gross-Goupil et al., 2013). Four tyrosine kinase inhibitors, namely, vandetanib
(vVDB), lapatinib (LAP), gefitinib (GEF) and sunitinib (SU) are Food and Drug
Administration (FDA)-approved drug molecules, which are currently being used in the
treatment of different carcinomas. Whereas, VDB is used for treating medullary thyroid
cancer, LAP, GEF and SU are employed in the treatment of breast, lung and renal
cancers, respectively (Brassard & Rondeau, 2012; Higa & Abraham, 2007; Tourneau et
al., 2007; Yanase et al., 2004). These drug molecules compete with ATP for the ATP-
binding site of the ‘epidermal growth factor receptor’ (EGFR) and the ‘vascular
endothelial growth factor receptor 2 (VEGFR2)’ tyrosine kinases and subsequently
freeze the functions of certain signal transduction pathways, essential for tumour cell
growth, thus control cancer development (Raymond et al., 2000). Therefore, these drugs
are being used as a supplementary therapy along with chemotherapy and radiation
therapy (Vanneman & Dranoff, 2012).

The study of drug—protein interaction is of fundamental importance in understanding

its action in the body. Transport, disposition and pharmacokinetics of a drug can be



influenced by its reversible binding to the transport proteins (Kragh-Hansen, 2013).
Such interactions are important as low binding affinity of a drug to the protein may
result in its poor distribution and short half-life in the blood, whereas high binding
affinity interferes with the desired drug efficacy (Hall et al., 2013; Kragh-Hansen et al.,
2002). Binding of a drug to the protein may also affect protein’s conformation as well
as its physiological action (Kragh-Hansen et al., 2013). Therefore, insights into the
specificity of the drug’s binding to the transport protein might be vital for therapeutic
agent’s development (Kragh-Hansen et al., 2002).

Serum proteins, i.e., serum albumin and a-1-acid glycoprotein as well as lysozyme
are generally used as the model carrier proteins in ligand-protein interaction studies
(Ajmal et al., 2016; Barreca et al., 2013; Feroz et al., 2015; Shen et al., 2015). Among
serum proteins, human serum albumin (HSA) is the main transporter of many drugs to
their target sites through the bloodstream (Peters, 1996) due to its ability to bind
reversibly a wide variety of drugs with higher affinity (Kragh-Hansen, 1990). It is a
single polypeptide chain of 585 amino acid residues, distributed in three domains I, Il
and 111, which are further compartmentalized into subdomains A and B. Three well-
characterized ligand binding sites, viz., I, 1l and Il1, located in the hydrophobic cavities
of subdomains 11A, I11A and IB, respectively, of HSA are primarily responsible for the
effective transport of various drugs in the blood circulation (Kragh-Hansen et al., 2002;
Sudlow et al., 1975). Therefore, it is important to understand the characteristics of a

drug—HSA interaction.



1.1 Problem statement
Despite several reports, highlighting the pharmacological significance of VDB, LAP,
GEF and SU, various questions remain to be answered.
1.  Are these drugs, viz.,, VDB, LAP, GEF and SU transported through binding to
HSA in blood circulation?
2. Do the above drugs form stable drug-HSA complex?

3. Isthere any affect of the drug binding on HSA conformation and stability?

1.2 Aim and objectives of the study

Therefore, the aim of the present research was to explore the binding characteristics
of ligand (VDB, LAP, GEF and SU)-HSA interaction.

In order to answer the above questions and to achieve the research goal, following
objectives were set.

1.  To study the characteristics of the interaction of four ligands, i.e., VDB, LAP,
GEF and SU with HSA in terms of binding affinity and forces involved in the
ligand—protein complex formation.

2.  To investigate ligand-induced alterations in the secondary and tertiary structures
of HSA upon ligand-protein complexation.

3. To probe the changes in the microenvironment around protein fluorophores upon
ligand binding.

4.  To evaluate the effect of ligand binding on the thermal stability of HSA.

5. Toinvestigate the influence of metal ions on the ligand-HSA interaction.

6.  To identify location of the ligand (VDB, LAP, GEF and SU) binding site on HSA

and corroborate the binding sites of these ligands with molecular docking.



CHAPTER 2: LITERATURE REVIEW

2.1 Background

Knowledge about the incidence and mortality statistics of cancer is vital to prevent
and manage the disease. In 2012, World Health Organization (WHO) estimated 14.1
million new incidences along with 8.2 million deaths caused by various cancers
worldwide (Stewart & Wild, 2014). Among the large number of cancers diagnosed each
year, lung, breast, kidney and thyroid cancers remain the most common causes of death.
Significant cancer deaths were estimated in 2012 from these cancers, viz., 1.69 million
from lung cancer, 0.57 million due to breast cancer, 0.32 million due to kidney cancer
and 0.23 million from thyroid cancer globally (Stewart & Wild, 2014). Several external
factors, e.g., tobacco, unhealthy diet and physical inactivity and internal factors such as
mutations are primarily responsible for increasing the incidences of cancer (Torre et al.,
2016). These factors mainly influence regular functions of the cellular signaling
pathways that control cell growth, division and differentiation. Such influences may
lead to overexpression, mutation and dysregulation of protein tyrosine kinases that are
key regulatory elements of certain signaling pathways (Raval et al., 2016). Therefore,
various cancers can be induced as a result of the uncontrolled activities in the cellular
signaling pathways. In order to control and prevent the cancer mortality, it is crucial to
identify molecular as well as cellular targets that are responsible for different cancers. In
view of it, protein tyrosine kinases can be the ideal targets for the therapeutic

developments in cancer management (Raval et al., 2016).

2.2 Signal transduction pathways and protein tyrosine kinases

Signal transduction is the cellular process by which outside signals are transmitted
into the cell through its membrane receptors. Binding of various ligands such as growth
factors and hormones to their receptors at the cell surface activates the signal

transduction pathways, which may trigger protein kinase cascades and subsequently



stimulate the intracellular chain of signaling molecules (Bode & Dong, 2005,
Rowinsky, 2003). Protein tyrosine kinases (PTKSs), which play vital roles in such type
of signal transduction pathways (Mano, 1999) are enzymes, primarily responsible for
regulation of various cellular functions such as cell signaling, growth, migration,
differentiation and survival. PTKs catalyze the transfer of the phosphate group of ATP
to tyrosine residues of protein substrates. However, the functions of PTKSs are strictly
regulated in normal cells (Hubbard & Till, 2000). Autophosphorylation is the key
regulatory mechanism to control the normal cellular activities of PTKs (Hubbard & Till,
2000). Protein phosphorylation through addition of a phosphate group to protein’s
tyrosine residues induces conformational change in the protein, which regulate the
activation or deactivation of PTKs (Summers et al., 2011). Abnormal activation of
PTKs may result in the uncontrolled cell proliferation, progression and migration,
which are considered to be vital in the process of cancer development (Rowinsky,
2003).

PTKs are divided into two classes, namely, receptor tyrosine kinases (RTKs) and
non-receptor tyrosine kinases (nRTKs). RTKs are transmembrane proteins, which are
subdivided into several families, viz., ‘epidermal growth factor receptor’ (EGFR),
‘vascular endothelial growth factor receptor’ (VEGFR), ‘platelet-derived growth factor
receptor’ (PDGFR), “fibroblast growth factor receptor’ (FGFR) and *hepatocyte growth
factor receptor’ (HGFR/MET) (Hubbard & Till, 2000). On the other hand, nRTKSs are
present in the nucleus, the cytosol and the inner surface of the plasma membrane. The
Src, ‘abelson tyrosine kinase’ (ABL), ‘focal adhesion kinase’ (FAK) and Janus kinase
are well known members of nRTKs subfamilies (Hubbard & Till, 2000). RTKs are
activated upon ligand binding and trigger the activation of subsequent downstream
signaling pathways in cells, which induce cell proliferation, differentiation and

migration (Hubbard & Till, 2000). Due to the presence of the ligand binding sites as



well as transmembrane domains in RTKSs, they are extensively studied as the molecular

targets for anti-cancer drug delivery (Hubbard & Till, 2000; Raval et al., 2016).

2.3 Receptor tyrosine kinases

Receptor tyrosine kinases (RTKS) are transmembrane proteins, which are composed
of an extracellular part, a transmembrane a-helix and an intracellular portion. The
extracellular part of RTKSs includes a cluster of various globular domains such as
immunoglobulin (Ig)-like, EGF-like, fibronectin type Ill-like and cysteine-rich domains
(Hubbard & Till, 2000). On the other hand, organization of the intracellular portion of
RTKs involves juxtamembrane region, tyrosine kinase catalytic domain and a carboxy-
terminal region (Figure 2.1) (Hubbard & Till, 2000). The tyrosine kinase domain is
divided into two parts, which are joined by a flexible polypeptide linker, the kinase
insert. Intracellular juxtamembrane region, activation loop of the kinase domain and the
C-terminal tail check the activity of kinase domain in the absence of ligand. Regions
along with the kinase insert are populated with Tyr residues, which undergo
autophosphorylation upon ligand binding (Hubbard & Till, 2000; Toffalini &
Demoulin, 2010). The activation of RTKs results in dimerization and
autophosphorylation of intracellular tyrosine residues within the receptor protein, which
leads to the activation of downstream signaling pathways (Segaliny et al., 2015). As
shown in Figure 2.2, two principal intracellular signaling pathways, viz., mitogen-
activated protein kinase (MAPK) / RAS and phosphoinositide 3-kinase (PI3K) / AKT
play key role in the RTK-mediated signal transduction processes (Wicki et al., 2016).
Binding of a ligand, such as growth factor to the extracellular domain initiates the
physiological activation of RTKSs, which triggers RTK dimerization and Tyr
autophosphorylation. This allows opening of the essential docking sites for other

regulatory proteins to bind (Segaliny et al., 2015; Wicki et al., 2016). Thus, MAPK and



Figure 2.1: Diagram showing domain organization for receptor tyrosine kinase
(RTKSs) families. The extracellular part (top), the cytoplasmic portions
(bottom), involving the tyrosine kinase domain of some RTKs are
marked.
(Taken from Hubbard & Till, 2000).



Figure 2.2: Diagram showing signaling pathways of receptor tyrosine kinases.
(Taken from Wicki et al., 2016).



PIBK/AKT signaling pathways are activated, which can initiate subsequent cellular
responses at transcriptional and translational levels (Wicki et al., 2016). In MAPK /
RAS signaling cascade, activated RAS triggers protein kinase activity of RAF kinase,
which phosphorylates and subsequently activates ‘tyrosine/serine/threonine protein
kinase’ (MEK) and ‘extracellular signal-regulated kinase’ (ERK) (Figure 2.2) (Wicki et
al., 2016). On the other hand, MAPK / RAS pathway can also activate the PI3K
signaling pathway while the ‘phosphatase and tensin homolog” (PTEN) is responsible
for the regulation of PI3K signaling (Milella et al., 2010). By receiving regulatory
signals from RAS pathway, the PI3K activates AKT or *3-phosphoinositide-dependent
protein kinase 1’ (PDK1). Activated AKT transduces signals towards the ‘target of
rapamycin’ (TOR) complexes, including TORC1 and TORC2. The TORC1 pathway
subsequently stimulates the ribosomal S6 kinases (S6K) (Figure 2.2). These
downstream signaling pathways of RTKs can induce cell proliferation, differentiation,
survival and migration (Milella et al., 2010; Wicki et al., 2016).

Since overexpression, dysregulation and mutation of RTKSs trigger various cancers
(Raval et al., 2016), these have attracted the attention of researchers to search inhibitor
molecules for RTK family members to be used as therapeutic agents for the treatment of

RTK-dependent cancers (Boettner & Aelst, 2002; Evelyn et al., 2007).

2.4 Non-receptor tyrosine kinases

Non-receptor tyrosine kinases (nRTKSs) contain neither extracellular ligand-binding
domain nor transmembrane region. Therefore, most nRTKs are mostly resided in the
cytoplasm. However, some nRTKSs are connected to the cell membrane through amino-
terminal modification (Hubbard & Till, 2010). The nRTKs possess important tyrosine
kinase catalytic domain, comprising of 275 amino acid residues (Figure 2.3). Additional
domains that facilitate protein-protein, protein-lipid and protein-DNA interactions are

also present in nRTKs. The Src homology 2 (SH2) and 3 (SH3) domains are the most



Figure 2.3:

Diagram showing domain organization of the major subfamilies of
non-receptor tyrosine kinase (NRTKs). The amino terminus (left) and
the carboxy terminus (right) are also displayed.

(Taken from Hubbard & Till, 2000).
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common protein-protein interaction domains in NRTKs (Figure 2.3) (Hubbard & Till,
2000). The catalytic Src Homology 1 (SH1), p-Tyr binding Src Homology 2 (SH2) and
protein—protein interaction Src Homology 3 (SH3) domains share a high degree of
homology (Gocek et al., 2014). Although some nRTKs lack SH2 and SH3 domains
(e.g., Jak and Fak families) but contain subfamily-specific domains used for protein-
protein interactions (Hubbard & Till, 2000). Based on similarities in kinase domain
structures, NRTKSs are further subdivided into nine (viz., Abl, Ack, Csk, Fak, Fes, Jak,
Src, Tec and Syk) subfamilies. Among nRTKs, Src forms the largest family and
regulation of Src catalytic activity has been extensively studied (Hubbard & Till, 2000;
Gocek et al., 2014).

Activation of nRTKSs are initiated by RTKs as well as other cell surface receptors
such as G protein-coupled receptors and receptors of the immune system (Hubbard &
Till, 2000). Similar to RTKSs, activity of nRTKSs is strictly controlled in normal cells.
Dysregulation, overexpression and mutation of nRTKs are associated in malignant
transformation as well as carcinogenesis (Gocek et al., 2014). These nRTKSs are also
considered as the molecular targets for anticancer drug development. Several potent
nNRTKs inhibitors are currently being used in the treatment of various cancers and many

are under investigation (Gocek et al., 2014).

2.5 Cancer control and management

Traditionally, cancers are being treated with conventional therapies such as
chemotherapy, radiation therapy, surgery and hormonal supplements. These treatments
often cause a variety of side effects including damaging normal cells, pain, vomiting,
excessive hair loss and depression (Shih & Wang, 2007). Due to these undesirable side
effects, a new line of targeted therapeutic agents, i.e., promising anticancer drug
molecules is being developed for the treatment of various carcinomas (Shih & Wang,

2007). Targeted therapies involving new class drug molecules have shown less harmful

11



effects on normal tissues and their functions, act on cancer-associated specific
molecular targets, less toxic and provide better quality of life for the patients (Arteaga,
2001; Saini et al., 2012; Salomon et al., 1995). These promising drug molecules
increase the therapeutic effect by blocking / inhibiting the targets of RTKs signaling
pathways. The drug molecules, extracted from natural sources and / or synthetic
compounds are being used for cancer treatment in combination with chemotherapy,
radiation therapy and surgery (Neidle & Thurston, 2005; Nobili et al., 2009). Natural
products obtained from the plants, microorganisms and animals have significantly
contributed to the development of promising drug molecules with therapeutic potential
for various cancers (Demain & Vaishnav, 2011; Nobili et al., 2009). On the other hand,
chemically synthesized small-molecule compounds, based on various molecular targets
of cancers have shown encouraging results (Neidle & Thurston, 2005). These products
have exhibited potential anti-cancer activities by interfering with certain signaling
pathways and blocking the development and progression of tumor cells (Nobili et al.,
2009). Various chemically synthesized molecules have been found to be novel
inhibitors of RTKs and nRTKSs signaling pathways (Table 2.1) and have shown
promising therapeutic potential in the treatment of numerous human carcinomas

(Evelyn et al., 2007; Sahai & Marshall, 2002).

2.6 Tyrosine kinase inhibitors

A family of small molecules, known as tyrosine kinase inhibitors (TKIs) has shown
substantial inhibitory activities against different signaling pathways (Vanneman &
Dranoff, 2012). However, monoclonal antibodies (MABs) have also been developed as
promising agents for various cancer treatments that target RTKs of cell membrane
(Raval et al., 2016). These inhibitor molecules can quickly reach their specific target
sites in signaling pathways and reduce or block the abnormal proliferation of

various carcinomas (Brassard & Rondeau, 2012). TKI molecules have drawn attention
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of scientists due to their multi-targeted functions by offering a wide range of anticancer
activities along with reduced toxic effects (Arteaga, 2001). These molecules compete
with ATP for the ATP binding site and subsequently fit themselves inside the tunnel of
the catalytic domain of RTKSs, thus inhibit their activation. On the other hand, mABs are
able to block the binding of ligand to the extracellular part of RTKs and induce
deactivation of RTKs by avoiding their essential conformational rearrangement, and
thus halt the activation of downstream signaling pathways (Fauvel & Yasri, 2014).
Various antibody drugs (viz., panitumumab, pertuzumab and trastuzumab) and their
molecular targets of RTKs along with therapeutic interest are well studied (Table 2.1).
In the absence of active RTKSs, signaling cascade of the kinases is blocked, which is
responsible for the growth and migration of cancers (Fabbro et al., 2002). Figure 2.4
shows the overview of the mechanism(s) of action of some TKIs (e.g., imatinib,
gefitinib, erlotinib, nilotinib, dasatinib, sorafenib and sunitinib), which can interfere
with the MAPK / RAS and PI3K / AKT signaling pathways (Eckstein et al., 2014).
Owing to the anticancer properties of TKIs, several such inhibitor molecules have been
developed as promising anticancer drugs and got the approval of Food and Drug
Administration, USA, (FDA) for the treatment of various cancers (Table 2.1). In this
study, four FDA-approved potential TKIs, i.e., vandetanib (VDB), lapatinib (LAP),
gefitinib (GEF) and sunitinib (SU), which are currently being used in anticancer therapy

were selected to investigate their interaction with human serum albumin (HSA).

2.6.1 Vandetanib

Vandetanib (N-(4-bromo-2-fluorophenyl)-6-methoxy-7-[(1-methyl-4-piperidinyl)me-
thoxy]-4-quinazolinamine), whose chemical structure is shown in Figure 2.5, is a
chemically synthesized potential and selective tyrosine kinase inhibitor of the VEGFR2,
EGFR and RETR (‘rearranged during transcription receptor’) (Brassard & Rondeau,

2012; Sano et al., 2011). VDB was approved by FDA in 2011 for clinical applications
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Table 2.1:  Different tyrosine Kkinase inhibitors, their molecular targets and

therapeutic interests for cancers.

Tyrosine Kinase ~ Molecular Therapeutic Reference
Inhibitor Target Interest
Afatinib EGFR Non-small-cell lung Minkovsky &
cancer Berezov (2008)
Alectinib ALK Non-small-cell lung McKeage (2015)
cancer
Axitinib VEGFR Renal cell carcinoma Gross-Goupil et al.
(2013)
Bosutinib BCR-ABL, Chronic myelogenous Cortes et al. (2011)
SRC leukemia
Brigatinib ALK, Non-small-cell lung Huang et al. (2016)
EGFR cancer
Brivanib VEDFR2 Hepatocellular carcinoma Huynh et al. (2008)

Cabozantinib

VEGFR2

c-MET, { Medullary thyroid cancer

Renal cell carcinoma

Lee & Smith (2014)
Smith et al. (2014)

Canertinib EGFR Breast cancer Allen et al. (2002)

Cediranib VEGFR Lung, Kidney and Goss et al. (2009)
Colorectal cancers

Ceritinib ALK Non-small-cell lung Shaw et al. (2014)
cancer

Cetuximab EGFR Lung, Colorectal, Head Messersmith &
and Neck cancers Ahnen (2008)

Cobimetinib MEK Advanced melanoma Larkin et al. (2014)

Crizotinib ALK Non-small-cell lung Sahu et al. (2013)
cancer

Dabrafenib MEK Advanced melanoma Gibney & Zager

(2013)
Dasatinib Src Chronic myelogenous Keskin et al. (2016)

leukemia
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Table 2.1:

Tyrosine Kinase

Inhibitor

continued.

Molecular

Target

Therapeutic

Interest

Reference

Dovitinib

Emtansine

Erlotinib

Gefitinib

Ibrutinib

Imatinib

Lapatinib

Leflunomide
Lenvatinib

Neratinib

Nilotinib

Onantinib

Osimertinib

VEGFR

ERBB2

EGFR {

EGFR

BTK

PDFGR
BCR-ABL

EGFR,
HER-2

PDGFR

VEGFR

VEGFR

PDGFR
BCR-ABL

VEGFR,
PDGFR,
EGFR

EGFR

Breast cancer

Breast cancer and Gastric

cancer

Lung cancer
Pancreatic cancer

Non-small-cell lung
cancer

Chronic lymphocytic
leukemia

Chronic myelogenous
leukemia

Acute lymphocytic
leukemia

Breast cancer

Prostate cancer
Thyroid cancer

Breast cancer

Chronic myelogenous
leukemia

Lung, Breast, Kidney,
Gastric and Prostate
cancers

Non-small-cell lung
cancer

Musolino et al.
(2017)

Barok et al. (2014)

Furugaki et al.
(2011)

Nabhan et al. (2009)
Yanase et al. (2004)

Kaur & Swami
(2017)

Tiffany et al. (2004)

Mathew et al. (2004)

Tevaarwerk &
Kolesar (2009)

Ko et al. (2001)
Matsui et al. (2008)

Echavarria et al.
(2017)

Laurie & Goss
(2013)

Trzcinska-Daneluti
etal. (2012)

Tan et al. (2015)
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Table 2.1:

Tyrosine Kinase

Inhibitor

continued.

Molecular

Target

Therapeutic

Interest

Reference

Palbociclib

Panitumumab

Pazopanib

Pertuzumab

Ponatinib

Semaxinib

Sorafenib

Sutent

Sunitinib

Trastuzumab

Vatalanib

Vandetanib

CDKA4,
CDK6

ErbB1,
EGFR

VEGFR,
PDGFR

ERBB2

BCR-ABL

VEGFR

VEGFR2,
VEGFR-3

VEGFR,
PDGFR

PDGFR,
VEGFR

ERBB2

VEGFR

EGFR,
VEGFR,
RET

Breast cancer

Colorectal cancer

Renal cell carcinoma

Breast cancer and Gastric
cancer

Acute lymphocytic
leukemia and Chronic
myeloid leukemia

Acute myeloid leukemia

Renal and Hepatocellular
carcinomas

Kidney cancer

Renal cancer and
Gastrointestinal stromal
tumors

Breast cancer and Gastric
cancer

Colorectal, Liver,
Prostate and Renal cell
cancers

Medullary thyroid cancer

Finn et al. (2009)

Gibson et al. (2006)

Laurie & Goss
(2013)

Barok et al. (2014)

Cortes et al. (2011)

Fiedler et al. (2003)

Eckstein et al.
(2014)

Mendel et al. (2002)
Eskens (2004)

Tourneau et al.
(2007)

Barok et al. (2014)

Steward et al.
(2003); Bergsland
(2004)

Wedge et al. (2002)
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Figure 2.4: Schematic diagram showing the tumorigenic signaling pathways and
their inhibition by receptor tyrosine kinase inhibitor molecules.
(Adapted from Eckstein et al., 2014).
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Figure 2.5:

Structural representations of vandetanib. (A) Chemical structure, (B)
Ball-and-stick model.
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(Brassard & Rondeau, 2012). It is an orally administered drug, used for the treatment of
advanced or metastatic medullary thyroid cancer due to its inhibitory action against
VEGFR2 and EGFR, which are the key pathways in the development of medullary
thyroid cancer (Wedge et al., 2002). It binds to the ATP binding pockets of the receptor
kinases and halts the downstream signaling pathways, thus assists in preventing the
growth of the medullary thyroid cancer (Brassard & Rondeau, 2012). VDB also inhibits
the activity of RETRs, which are responsible for the proliferation of non-small lung
cancer cells (Yoh et al., 2016). Many studies have shown impressive responses of VDB
in controlling proliferation of these cancer cells (Arora & Scholar, 2005; Lin et al.,
2002; Yoshikawa et al., 2009). Although, some side effects such as diarrhea, rash,
fatigue, high blood pressure, headache and nausea are commonly observed in VDB
therapy, majority of them are manageable by adjusting the dosages of VDB (Wells et
al.,, 2012). Therefore, cancer treatment with VDB is well tolerated and its

discontinuation rate is very low (Wells et al., 2012).

2.6.2  Lapatinib

Lapatinib (N-[3-chloro-4-[(3-fluorophenyl)methoxy]phenyl]-6-[5-[[[2-(methylsulfo-
nyl)ethyl]Jamino]methyl]-2-furanyl]-4-quinazolinamine), whose chemical structure is
shown in Figure 2.6 is one of the key promising drug molecules, approved by FDA in
2007 (Higa & Abraham, 2007). It is being used to develop a safe and effective targeted
therapy against breast cancer. LAP, a small hydrophobic tyrosine kinase inhibitor, is
known to suppress the abnormal activity of the human epidermal growth factor receptor
2 (HER2) and EGFR by inhibiting their phosphorylation (Arteaga et al., 2012; Tsang et
al., 2011). It blocks certain signal transduction pathways that are responsible for tumour
cell growth, and therefore prevents tumour growth (Arteaga et al., 2012; Tsang et al.,
2011). The clinical efficacy of LAP in combination with capecitabine has been

shown effective against HER2-positive breast cancer (Tevaarwerk & Kolesar, 2009).

19



Figure 2.6:

Structural representations of lapatinib. (A) Chemical structure, (B)
Ball and-stick model.
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Furthermore, LAP-loaded HSA nanoparticles have also been proposed to be a safe
therapy against HER2-positive cells (Wan et al., 2015). A combination therapy
involving LAP and other chemotherapeutic agents, viz., vinorelbine and letrozole is
currently being assessed in various clinical trials (Liao et al., 2010). In addition, LAP
has also shown promising results in the treatment of central nervous system metastasis
and is being evaluated in various clinical settings (Liao et al., 2010). This drug appears
to have very low cardiotoxicity and is well tolerated in patients with diarrhea, nausea,
fatigue, dry skin and rashes, being the moderate adverse effects (Liao et al., 2010; Moy

& Goss, 2006).

2.6.3  Gefitinib

Among the wide variety of anticancer drugs used in clinical routine for the treatment
of non-small cell lung cancer (Raymond et al., 2000; Yanase et al., 2004), gefitinib
(N-(3-chloro-4-fluorophenyl)-7-methoxy-6-[3-(4-morpholinyl)propoxy]-4-quinazolina-
mine) is one of the newly FDA-approved drug, whose chemical structure is shown in
Figure 2.7. GEF is an orally administered, reversible tyrosine kinase inhibitor of EGFR.
It competes with ATP for the ATP- binding site of the EGFR tyrosine kinase and
subsequently freezes the functions of the signaling cascade of the kinase, thus prevents
malignancy (Arora & Scholar, 2005). GEF may cause some adverse effects, which
include diarrhea, rash, acne, dry skin, and pruritus. Acceptable tolerability profiles have
not been evaluated while used in combinations with other cytotoxic drugs (Costanzo et
al., 2011). However, this drug has shown safety, tolerance and therapeutic efficacy as a

single drug to treat non-small cell lung cancer (Burotto et al., 2015).

2.6.4  Sunitinib

Sunitinib  (N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-1,2-dihydro-2-oxo-3H-indol-
3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide), whose chemical structure
is shown in Figure 2.8 is FDA-approved multi-targeted oral drug, which possesses
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Figure 2.7:

Structural representations of gefitinib. (A) Chemical structure, (B)
Ball-and-stick model.
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Figure 2.8:

Structural representations of sunitinib. (A) Chemical structure, (B)
Ball-and-stick model.
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inhibitory activities against the growth of human metastatic renal cancers and
gastrointestinal stromal tumors (Rini et al., 2007; Tourneau et al., 2007). It is an
inhibitor of EGFR, VEGFR, PDGFR and the stem cell factor receptor C-Kit tyrosine
kinases (Tourneau et al., 2007; Sulkes, 2010). SU reversibly binds to the ATP-binding
site of the kinase and pauses receptor phosphorylation and activation. By inhibiting
certain signal transduction pathways through various tyrosine Kkinases, that are
responsible for diverse tumour cells growth, SU induces apoptosis of oncogenic cells
and thus prevents cancer growth (Tourneau et al., 2007). Some common adverse effects
in SU-treated patients included hypertension, diarrhea, skin abnormalities, fatigue and
nausea (Schmid & Gore, 2016). However, cardiac safety in terms of increasing dose of

SU remains unclear (Rock et al., 2007).

2.7 Transportation of therapeutic ligands in human blood circulation
Interactions between various therapeutic ligands (e.g., pharmaceutical ligands, drugs
etc.) and the plasma proteins are of pharmacological importance, as pharmacokinetic
and pharmacodynamic properties of therapeutic ligands depend on their interactions
with plasma proteins in the human body (Fasano et al., 2005; Kragh-Hansen et al.,
2002; Olson & Christ, 1996). Such interactions may influence their bioavailability,
distribution, metabolism and elimination processes in the body (Kragh-Hansen et al.,
2002). Binding of a therapeutic ligand to plasma transport proteins and its active
transport to the specific target site is vital for its therapeutic effects (Korolenko et al.,
2007). These ligands can be found either in the free form or bound to plasma proteins in
the circulatory system. The free ligand can be passively diffused through the barriers
constituted by endothelial cells into the organs (e.g., kidney and liver), where it is
metabolized (Rowland & Tozer, 2010; Yamasaki et al., 2013). On the other hand,
protein-bound ligand is protected from rapid metabolism by the body’s detoxification

system and would remain in the circulatory system for producing a longer duration of
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therapeutic effects (Lindup & Orme, 1981; Smith et al., 2010). Therefore, binding of a
drug to the plasma protein significantly affects the efficacy of the drug. Human serum
albumin (HSA), lipoproteins and a-1-acid glycoprotein are the common carrier proteins
present in the blood plasma, while HSA is unique as a major transport protein due to its
ligand binding competence with high affinity (Korolenko et al., 2007; Kragh-Hansen,

1990).

2.8 Human serum albumin

HSA is a multifunctional non-glycosylated transport protein present in blood plasma
with a concentration of ~ 600 UM (Peters, 1996). It is mainly synthesized in the liver
and contributes more than 50% of the total plasma protein content (Quinlan et al.,
2005). Molecular and structural properties of HSA are described in the following

sections in detail.

2.8.1 Physicochemical properties of HSA

Various important physicochemical properties of HSA are summarized in Table 2.2.
HSA is a single chain protein with a molecular mass of 66,500 Da, as calculated from
its amino acid composition (Peters, 1996), which was similar to the molecular mass of
66,437 Da, obtained from matrix-assisted laser desorption / ionization-time of flight
(MALDI-TOF) mass spectrometry (Amoresano et al., 1998). Values of the
hydrodynamic parameters such as diffusion coefficient and sedimentation coefficient
were determined as 6.1 x 10~ cm® s and 4.2 S, respectively (Hunter & McDuffie,
1959; Oncley et al., 1947). An axial ratio of 3.5 was obtained from dielectric dispersion
measurements (Ferrer et al., 2001). The radius of gyration (26.7 A) was found to be
similar to the rotational hydrodynamic radius value of 26.7 A (Carter & Ho, 1994).
Based on X-ray crystallographic data of HSA, the polypeptide chain forms a heart-

shaped structure with the dimensions of 80 x 80 x 30 A (He & Carter, 1992). Values of
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Table 2.2:  Physicochemical properties of HSA.

Property Value Reference

Molecular mass

— Amino acid composition 66,500 Da Peters (1996)

- MALDI-TOF 66,437 Da Amoresano et al. (1998)
Diffusion coefficient, Dyow 6.1x107" cm?s™  Oncley etal. (1947)
Sedimentation coefficient, Syow 4295 Hunter & McDuffie (1959)
Axial ratio 3.5:1 Ferrer et al. (2001)

Radius of gyration 26.7 A Carter & Ho (1994)
Overall dimension 80 x 80 x 30 A He & Carter (1992)
Frictional ratio, f/fy 1.37:1 Hunter & McDuffie (1959)
Intrinsic viscosity, [n] 0.056 dL g™t Hunter & McDuffie (1959)
Partial specific volume, 7, 0.733cm* g™ Matthews (1968)

Isoelectric point

— Native 4.7 Candiano et al. (1986)

— Defatted 5.8 Gianazza et al. (1984)
Isoionic point 5.2 Putnam (1975)
Extinction coefficient, & 36,500 M™cm™  Painter et al. (1998)
a-Helix 67 % Carter & Ho (1994)
[3-Sheet 10 % Carter & Ho (1994)

Net charge per molecule

—atpH7.4 -19 Tanford (1950)
— Amino acid sequence -15 Peters (1996)
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the frictional ratio (1.37:1) and the intrinsic viscosity (0.056 dL g™) of HSA suggested
protein’s globular structure (Hunter & McDuffie, 1959). A value of 0.733 cm® g™ was
obtained for the partial specific volume of HSA (Matthews, 1968). The protein has an
isoelectric point of 4.7 in the native form (Candiano et al., 1986) and 5.8 for defatted
HSA (Gianazza et al., 1984), while the isoionic point was measured as 5.2 (Putnam,
1975). A value of the extinction coefficient of 36,500 M~ cm™, as determined at 280
nm for HSA reflected the presence of Trp and Tyr residues (Painter et al., 1998). The
secondary structures present in HSA were distributed as 67 % a-helices, 10 % B-sheets
and 23 % flexible regions (Carter & Ho, 1994). The protein net charge is —19 at
physiological pH (pH 7.4) (Tanford, 1950), whereas a net change of — 15 was obtained
from its amino acid sequence (Peters, 1996). The high negative charge of HSA provides

high solubility to the protein in acquous environment.
2.8.2  Structural organization of HSA

2.8.2.1 Amino acid composition and primary structure

Table 2.3 shows the amino acid composition of HSA. It is a small globular protein,
comprising of 585 amino acid residues with lone Trp residue. Two other amino acids,
i.e., lle (8) and Met (6) were also found in smaller quantity. The protein is rich in the
number of charged amino acid residues such as Lys (59), Asp (36), Glu (62) and Arg
(24). The content of the hydrophobic amino acid residues was also high with the
distribution as Ala (62), Val (41), Leu (61) and Phe (35). There are 35 Cys residues in
the polypeptide chain.

Figure 2.9 depicts the primary structure of HSA, as determined from the amino acid
sequence. The amino acid residues form nine flexible loops, arranged in a distinct
pattern with eight sequential Cys-Cys pairs. The primary structure of HSA is made up
of three homologous domains, namely, I, Il and Il11, which are grouped from the nine
loops. These domains are comprised of amino acid residues, 1-195 (domain 1), 196-383
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Table 2.3:  Amino acid composition of HSA.*

Amino Acid Three Letter Code No. of Residues
Glycine Gly 12
Alanine Ala 62
Valine Val 41
Leucine Leu 61
Isoleucine lle 8
Serine Ser 24
Threonine Thr 28
Proline Pro 24
Aspartic acid Asp 36
Glutamic acid Glu 62
Asparagine Asn 17
Glutamine Gln 20
Histidine His 16
Lysine Lys 59
Arginine Arg 24
Phenylalanine Phe 31
Tyrosine Tyr 18
Tryptophan Trp 1
Cysteine Cys 35
Methionine Met 6
Total 585

* Data were obtained from Peters (1996)



Figure 2.9: Amino acid sequence and disulfide bonding pattern of HSA. Each
domain contains one short and two long loops. The blue-colored
boxes show the Cys-Cys pairs.

(Adapted from Dugaiczyk et al., 1982).
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(domain I1) and 384-585 (domain I1), which are further divided into two subdomains,
A and B, respectively (Carter & Ho, 1994). Among nine long-short-long loops, first two
loops within each domain form subdomain ‘A’ such as loops 1-2, 4-5 and 7-8 for
subdomains 1A, 1A and IlIA, respectively, while subdomain ‘B’ is formed from the
third loop, i. e., loops 3, 6 and 9 for subdomains IB, IIB and IlIB, respectively.
(Dugaiczyk et al., 1982). The structure of HSA is stabilized by 17 intramolecular
disulfide bonds, which are formed by 34 Cys out of 35 Cys residues. One Cys residue is
available in free form at position number 34. The movement of subdomains from one to
another is accomplished by the presence of flexible loops of Pro residues, which support
the binding of a wide range of ligands (Quinlan et al., 2005).

Comparative analyses of three domains of HSA based on their structural and
sequence similarities have shown 18-25 % sequence homology, which is the maximum
among the long loops 3, 6 and 9 (Peters, 1996). On the other hand, serum albumins
from different mammalian sources have displayed structural similarities with significant
degree of sequence conservation. For instance, overall sequence similarities of serum
albumins from bovine (BSA), equine (ESA) and rabbit (RSA), compared to human

(HSA) are 75.6 %, 76.1 % and 74.2 %, respectively (Majorek et al., 2012).

2.8.2.2 Three-dimensional structure

Three homologous domains of HSA are further divided into a pair of subdomains,
namely, ‘A’ and ‘B’, which consist of 6 and 4 a-helices (Figure 2.10), respectively
(Carter & Ho, 1994). The arrangement of four helices (h1-h4) in subdomains ‘A’ and
‘B’ are identical, while two other short helices (h5 and h6) in subdomains ‘A’ are
ordered in antiparallel fashion. These helices are connected by 17 Cys-Cys disulfide
bridges. As can be seen from Figure 2.10, domains I-Il and II-1ll are linked

through extensions of helices, viz., Ib-h4-Ila-h1l and llb-h4—Illa-h1, respectively. Such
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Figure 2.10: Diagram showing helices and disulfide bridges of HSA. Helices are
depicted by rectangles, and loops and turns by thin lines. Disulfide
bridges are represented with thick lines.

(Adapted from Sugio et al., 1999).
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connections form two longest helices, which make the actual number of helices in HSA
structure as 28 in total instead of 30.

The crystallographic studies on HSA have revealed a heart-shaped structure formed
from three homologous domains I, 11, and 11l along with a pair of subdomains, ‘A’ and
‘B’ (Figure 2.11) (Carter & Ho, 1994; Peters, 1996). While the three domains are
structurally similar, their global configuration is relatively asymmetric. The
perpendicular orientation of domain | to domain Il forms a T-shaped configuration of
HSA. On the other hand, formation of a Y-shaped configuration is observed due to an
angle shift of 45° between domains Il and Ill. Interaction between domains such as
domains | to Il and domains Il to Il are stabilized through hydrogen bonds and
hydrophobic interactions, respectively (Sugio et al., 1999). HSA subdomains are
identical, which share common structural features in terms of polypeptide chain folding
as well as disulfide bond topology (Sugio et al., 1999). The surface-exposed portions of
HSA have high degree of flexibility, which allow the binding of a large number of small
molecules to the protein (Karush, 1954). The hydrophobic cavities of subdomains Il1A,
I11A and 1B form three well-characterized ligand binding sites, namely, Sudlow’s site I,
Sudlow’s site Il and site 111, respectively (Kragh-Hansen et al., 2002; Sudlow et al.,

1975).

2.8.3  Functions of HSA

Due to the high concentration in the blood plasma, HSA is the most important
protein responsible for many physiological and pharmacological functions. It plays vital
roles in the body such as regulation of the colloid osmotic pressure, maintenance of the
blood pH and binding of a large variety of endogenous and exogenous compounds
(Figge et al., 1991; Quinlan et al., 2005). It also plays the role of an antioxidant by
giving protection against reactive oxygen species. Enzymatic activity such as esterase

activity has also been found associated with HSA. Furthermore, HSA is involved in
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Figure 2.11:

Three-dimensional structure of HSA. Various colors represent domain
| (red), domain Il (green), domain Il (blue). Where subdomains A
and B of each domain are shown in ‘dark’ and ‘light’ shades, the N-
and C-termini are depicted as N and C, respectively.

(Taken from Bhattacharya et al., 2000).

33



blood coagulation due to its structural similarity to heparin (Nicholson et al., 2000).
Owing to the presence of three well-characterized ligand binding sites in HSA,
various ligand molecules such as therapeutic drugs, hormones, toxic metabolites, fatty
acids, bile acids and metal ions bind to the protein (Bal et al., 2013; Kragh-Hansen,
1985; Peters, 1996; Sudlow et al., 1975). It facilitates the transportation of numerus
drugs through blood circulation and their release at the specific target sites (Kragh-
Hansen et al., 2002). Besides, it also transports the key signaling molecule, nitric oxide

(Stamler et al., 1992).

2.8.4  Ligand binding sites of HSA

Several high and low affinity binding sites are present in HSA to accommodate
different ligands. According to Sudlow’s classification, two principal ligand binding
sites of HSA, i.e., Sudlow’s sites | and Il are well characterized for their high
adaptability to bind different molecules (Kragh-Hansen et al., 2002; Sudlow et al.,
1975). In addition, a third site, i.e., site 1l of HSA is also known as the preferred
binding site for few ligands such as digitoxin and hemin (Kragh-Hansen, 1985). These
binding sites are located in the hydrophobic cavities of subdomains I1A (Sudlow’s sites
), HA (Sudlow’s sites I1) and IB (site I11) in HSA (Figure 2.12). Various ligands that
have been shown to bind with higher affinity to HSA, including their preferences to
sites I / 11/ 111 are listed in Table 2.4. Besides these ligand binding sites, few ligands are
also known to bind at their secondary binding sites in HSA. As can be seen from Figure
2.12, diflunisal, halothane and ibuprofen also bind at the interface between subdomains
[1A-11B, while oxyphenbutazone and propofol are bound in subdomain 111B (Ghuman et
al., 2005). Furthermore, HSA has the ability to bind different metal ions such as Mg?",
K*, Ca?*, Mn?*, Cu?*, Zn*" and Ba®* (Bal et al., 2013; Quinlan et al., 2005; Carter and
Ho, 1994). Four metal binding sites of HSA, namely, the N-terminal site (subdomain

IA), Cys34 residue (subdomain IA), multi-metal binding site A (domain II) and site B
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Figure 2.12:

Diagram showing ligand binding sites of HSA. Individual subdomains
are colored differently and ligands are displayed as space-filling
models. Oxygen atoms are shown in red. All other atoms in fatty acids
(black), other endogenous ligands (hemin and thyroxine) (grey) and
drugs (orange) are also marked.

(Taken from Ghuman et al., 2005).

35



Table 2.4:

Ligand

Site |
Azapropazone
Balofloxacin
Baicalin
Bilirubin
Carbenoxolone
Celecoxib
lodipamide
lophenoxate
Indomethacin
Indometacin
Osthole
Oxyphenbutazone
Phenylbutazone
Propofol
Suramin

Warfarin

Ka (M™)

2.8 x 10°
3.9x 10°
1.3 x 10°
9.5 x 10’
2.0 x 10’
1.1 x 10°
9.9 x 10°
7.7 %107
1.4 x 10°
1.1 x 10°
1.7 x 10°
3.5 x 10°
1.5 x 10°
1.3 x 10°
2.2x 10°

3.4 x 10°

Binding properties of some ligands to HSA.

Reference

Kragh-Hansen (1988)

Ma et al. (2015)

Dufour & Dangles (2005)

Brodersen (1982)
Zsila (2013)

Zsila (2013)
Yamasaki et al. (1996)
Mudge et al. (1978)
Montero et al. (1986)
Yang et al. (2012)
Bijari et al. (2013)
Elbary et al. (1982)
Yamasaki et al. (1996)
Sun et al. (2016)

Zsila (2013)

Yamasaki et al. (1996)
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Table 2.4:

Ligand
Site 11
Crocetin
Diazepam
Diclofenac

Diflunisal

Ethacrynic acid
Gemfibrozil
Ibuprofen
lopanoate
Ketoprofen
Naproxen
Sulindac
Site 11
Digitoxin
Fusidic acid
Hemin
lidocaine

Phycocyanobilin

continued.

Ka (M™)

2.4 % 10°
3.8 x 10°
3.3 x 10°

5.0 x 10°

1.7 x 10°
5.1 x 10°
2.7 x 10°
6.7 x 10°
2.5 x 10°
3.7 x 10°

7.6 x 10°

9.6 x 10°
1.5 x 10°
2.1 x 10°
1.3 x 10°

2.2 x 10°

Reference

Zsila (2013)
Kragh-Hansen (1991)
Yamasaki et al. (2000)

Horone & Brodersen
(1984)

Bertucci et al. (1998)
Zsila (2013)
Kragh-Hansen (1981)
Mudge et al. (1978)
Rahman et al. (1993a)
Bischer et al. (1995)

Russeva et al. (1994)

Lukas & Martino (1969)
Zsila (2013)

Zsila (2013)

Hein et al. (2010)

Minic et al. (2015)
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(non-localized) have shown specificity to different metal ions (Bal et al., 2013).
However, crystallographic studies have not yet characterized these sites to reveal the
molecular details of their metal ion binding. The details of ligand binding sites I, Il and

111 are described in the following subsections.

2.8.4.1 Sitel

Crystallographic studies have shown that Sudlow’s site | is one of the major
recognized sites available for high-affinity binding of various ligands to HSA (Kragh-
Hansen et al., 2002). It is characterized as hydrophobic ligand binding pocket,
surrounded by positively-charged residues at the entrance, thus favoring the binding of
bulky heterocyclic molecules, possessing negatively-charged groups (Kragh-Hansen et
al., 2002). Sudlow’s site I is a multi-chamber cavity, which comprises of six helices of
the subdomain IIA as well as a loop-helix feature of subdomain IB (Ghuman et al.,
2005). The interior of the binding pocket is found to be deep inside the protein structure
and mostly placed in a hydrophobic cleft, which is enveloped by amino acid residues:
Trp-214, Leu-219, Phe-223, Leu-238, His-242, Leu-260, lle-264, Ser-287, 1le-290 and
Ala-291 (Yang et al., 2014). However, site | also contains two clusters with polar
residues, an inner cluster at the bottom of the pocket, formed by Tyr-150, His-242 and
Arg-257 residues and an outer cluster at the entrance of the pocket, comprised of Lys-
195, Lys-199, Arg-218, and Arg-222 residues (Ghuman et al., 2005).

Binding site I is more flexible, wider and greater compared to other sites, thus the
larger molecules generally prefer to bind to site | (Kragh-Hansen et al., 2002). Several
studies have shown the binding locus of various ligands in site | with high affinity
(Table 2.4). As can be seen from the Figure 2.12, ligands such as warfarin,
azapropazone, indomethacin and phenylbutazone are found to fit at the location of the
binding site | (Ghuman et al., 2005). Site | contains two overlapping binding sites

(warfarin-azapropazone binding area) for warfarin and azapropazone binding and the
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single Trp (Trp-24) residue in the non-overlapping region of the warfarin site (Fehske et
al., 1982). Although, different studies have anticipated the existence of two independent
binding regions within site | (Kragh-Hansen, 1985, 1988), Yamasaki and his colleges
suggested the presence of three binding regions, viz., la, Ib and Ic within this site for the

binding of warfarin, azapropazone and butamben, respectively (Yamasaki et al., 1996).

2.8.4.2 Sitell

Various ligands such as diazepam, ibuprofen, iopanoate and ketoprofen (Table 2.4)
prefer to bind in the cavity of binding site 1l (subdomain I11A). It is smaller and less
flexible compared to site | and thus, large molecules are rarely bound to the binding
pockets of site Il (Kragh-Hansen et al., 2002). This site is favored by the binding of
aromatic carboxylic acids with a negative charged group at one end of the molecule
away from a hydrophobic center (Kragh-Hansen et al., 2002). The binding preference of
larger molecules to this site is infrequent due to the absence of any overlapping binding
regions as well as the effect of steroselectivity. For example, L-Trp shows 100 times
higher affinity to site Il compared to D-isomer (Ghuman et al., 2005). However, it has a
degree of structural adaptability for the binding of two molecules of long chain fatty
acids concurrently (Curry, 2003). A slight modification, substitution of the ligands with
a relatively small group may greatly affect their binding to site Il. Accordingly,
fluorination of diazepam was found to halt its binding to the well characterized binding
site (site Il) of diazepam (Chuang & Otagiri, 2001).

Site Il is topologically similar to site | since it is composed of six helices of
subdomain IIA. Its structure is less complicated, as a few residues from subdomain 11B
participate to its opening (Zsila et al., 2011). The interior of the binding pocket is
hydrophobic, with a single dominant polar patch near to the entrance that centered
around Arg-410 and Tyr-411 residues (Sugio et al., 1999). Site 11-bound drugs (Figure

2.11) such as diazepam, ibuprofen and diflunisal interact with the OH group of Tyr-411,
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while Arg-410 and Ser-489 also participate for the interactions with diflunisal and

ibuprofen by forming salt-bridge as well as H-bond (Yamasaki et al., 2013).

2.8.4.3 Site lll

Although, Sudlow’s sites | and Il are well known for noncovalent association of a
broad spectrum of small molecules, existence of an additional drug binding site in HSA
is also suggested for some ligands (Kragh-Hansen, 1985; Sjoholm et al., 1979; Sudlow
et al., 1975). This binding site (termed as site I1l) is identified as hydrophobic D-shaped
binding pocket, located in subdomain IB. Site Il is considered as primary binding locus
of ligands such as hemin, digitoxin, fusidic acid and lidocaine (Kragh-Hansen, 1985;
Zunszain et al., 2008). It also houses secondary binding sites for some additional
ligands, viz., azapropazone, warfarin and indomethacin that are preferentially known to
bind at Sudlow’s site | (Zsila, 2013).

The hydrophobic cavity of site 11l consists of three basic residues at its entrance to
coordinate the two propionate groups on hemin, which helps in the interaction of
ligands with this site. In the absence of ligand, the binding pocket is partly blocked by
Tyr-138 and Tyr-161 residues. Binding of ligand such as hemin and fatty acid leads to a
conformational change that opens the binding pocket as well as helps to fit the ligand
(Zunszain et al., 2003). Based on the hydrophobicity of the binding pocket and
coordination of the propionate groups by basic residues, HSA seems to have similar
features to the heme binding site on myoglobin / hemoglobin (Zsila, 2013; Zunszain et
al., 2003). Besides, site 11l is allosterically linked with Sudlow’s sites, | and Il (Zsila,

2013).

2.8.,5 Pharmacological importance of ligand—HSA interaction

Since HSA is known to bind to neutral and acidic lipophilic compounds, it is an ideal
transporter for most of the drugs in the blood circulation (Kragh-Hansen et al., 2002;
Olson & Christ, 1996). Generally, binding of a drug to HSA improves its

40



pharmacokinetic properties. For instance, the in vivo half-life of a therapeutic drug is
increased upon binding to HSA, which can elongate the duration of the drug's efficacy.
Drug-protein interaction also improves the drug’s solubility, reduces its toxicity and
defends its elimination from the human body (Kragh-Hansen et al., 2002; Olson &
Christ, 1996; Peters, 1996).

HSA concentration in the plasma is much higher than the concentration of
administered drugs in vivo, thus the drug shows affinity to bind at the higher affinity
binding sites on HSA (Kragh-Hansen et al., 2002). On the other hand, high affinity
binding sites for drugs in HSA are limited and therefore, binding of a drug to HSA may
result concurrent displacement of another drug, which may influence the therapeutic
effect of both drugs. Drug displacement phenomenon resulted by drug-drug interaction
can play crucial role in the efficacy of a specific administered drug, while it can either
improve or being detrimental to the effect of that drug. For example, coadministration
of phenylbutazone or buculome with warfarin increases the anti-coagulant activity of
warfarin due to the displacement of warfarin from the plasma (Hatakeyama et al.,
2010). It has been observed that concentration of HSA-bound drug can also influence
drug-protein interaction. A rapid increase of endogenous HSA-bound drug may cause
massive release of the bound drug from the protein, thus produces intoxication of the
patient (Fasano et al., 2005).

Furthermore, certain disease conditions such as renal and liver diseases may also
affect drug-protein interaction. These diseases reduce the concentration HSA from its
normal level, decrease the distribution of HSA between inter- and intravascular spaces
and induce the accumulation of endogenous ligands (e.g., fatty acids and uremic acid) in
the plasma. Therefore, binding of a drug to HSA can be significantly affected under
these conditions (Dasgupta & Havlik, 1998). In view of the above, it is important to

investigate the characteristics of drug—protein interaction for understanding the
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physiological action of pharmaceutical compounds at the molecular level in the human
body.

Despite several reports, highlighting the pharmacological significance of four
tyrosine kinase inhibitors, vandetanib (VDB), lapatinib (LAP), gefitinib (GEF) and
sunitinib (SU) (Brassard & Rondeau, 2012; Burotto et al., 2015; Liao et al., 2010;
Tourneau et al., 2007), their interaction with human serum albumin (HSA) need to be
explored. In view of the importance of the drug-protein interaction, this study aims to
reveal the characteristics of ligand—HSA interaction in terms of the binding affinity,
intermolecular forces involved, effect on HSA fluorophore microenvironment as well as
protein’s structure and location of the binding site using fluorescence spectroscopy and

molecular docking analysis.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

3.1.1 Protein
Fatty acid and globulin free aloumin from human serum (HSA) (purity > 99 %;
Lot # 068K7538V) was purchased from Sigma-Aldrich Co., St. Louis, MO, USA. The

protein was used as such without further purification.

3.1.2 Drugs

Vandetanib (VDB) (purity > 98 %; Batch # 0454075-6), lapatinib (LAP) (purity
> 98 %; Batch # 0452287-17) and sunitinib (SU) (purity > 98 %; Batch # 0446636-17)
were supplied by Cayman Chemical Company, Michigan, USA. Gefitinib (GEF) (purity

> 99 %; Batch # S102503) was the product of Selleckchem, Houston, TX, USA.

3.1.3  Ligands used in drug displacement studies

Phenylbutazone (PBZ) (purity > 98 %; Batch # 124K1625), indomethacin (IDM)
(purity > 99 %; Lot # 115K0689), ketoprofen (KTN) (purity > 98 %; Lot #
BCBG9546V), hemin (HMN) (purity > 80 %; Lot # 015K0872) and digitoxin (DGT)
(purity > 92 %; Lot # NOI0195) were procured from Sigma-Aldrich Co., St. Louis, MO,
USA. Diazepam (DZM) (purity > 98 %; Lot # 1071B02) was supplied by Lipomed AG,

Arlesheim, Switzerland.

3.1.4  Miscellaneous

Sodium dihydrogen phosphate and di-sodium hydrogen phosphate were obtained
from Systerm, Selangor, Malaysia. Standard buffers of pH 7.0 and pH 10.0 as well as
various metal salts such as magnesium chloride (MgCl,), potassium chloride (KCI),
calcium chloride (CaCl,), manganese (1) chloride (MnCl,), copper (I1) chloride

(CuCly), zinc chloride (ZnCl,) and barium chloride (BaCl,) were procured from Sigma-
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Aldrich Co., St. Louis, MO, USA. Dimethyl sulphoxide (DMSO) was the product of
Merck Millipore, Darmstadt, Germany. Cellulose nitrate membrane filters (0.45 pum
pore size) were supplied by Whatman GmbH, Dassel, Germany, whereas
polyvinylidene fluoride (PVDF) membrane filters (0.45 um pore size) were purchased
from Merck Millipore, Darmstadt, Germany. All chemicals used in this study were of
analytical reagent grade.

Ultrapure (Type 1) water produced by Milli-Q water purification system (Merck
Millipore, Darmstadt, Germany) as well as glass distilled water was used throughout
this study. All experiments were performed in 60 mM sodium phosphate buffer, pH 7.4

at 298 K, unless otherwise stated.
3.2 Methods

3.2.1  pH measurements

Measurements of pH were made on a Delta 320 pH meter (Mettler-Toledo GmbH,
Greifensee, Switzerland), attached with a HA405-K2/120 combination electrode. The
calibration of the pH meter was performed using standard buffers of pH 7.0 and pH
10.0 for pH measurements in the neutral and alkaline pH ranges, respectively. The least

count of the pH meter was 0.01 pH unit.

3.2.2  Preparation of protein solution

The stock protein solution was prepared by dissolving a known amount of HSA
crystals in a fixed volume of 60 mM sodium phosphate buffer, pH 7.4. The stock
solution was filtered using syringe-driven PVDF membrane filters and 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 protein

solution was stored at 4 °C and was used within a week.
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3.2.3  Preparation of ligand solutions

The stock solutions (1.0 mg ml™) of various drugs, i.e., VDB, LAP, GEF and SU
were prepared by dissolving their crystals in DMSO. These stock solutions were diluted
to the desired concentration with the above buffer for experimental use. In all
experiments, the final concentration of DMSO in the incubation mixture remained less
than 1 % (v/v). Such DMSO concentration has no effect on the overall conformation of
HSA (Papadopoulou et al., 2005).

Preparation of the stock solutions various ligands, i.e., PBZ, IDM, DZM, KTN,
HMN and DGT (1.0 mg mlI™) was made in the same way as described above for other
drugs.

A known amount of metal salts’ crystals (MgCl,, KCI, CaCl,, MnCl,, CuCl,, ZnCl,
and BaCl,) was dissolved in sodium phosphate buffer, pH 7.4 to prepare the stock

solutions (1.0 mg mI™) of metal salts.
3.2.4  Spectral measurements

3.2.4.1 Fluorescence spectroscopy

Fluorescence spectra were recorded on a Jasco FP-6500 spectrofluorometer,
equipped with a xenon lamp source and a 10 mm path length quartz cuvette. The
temperature was controlled using a temperature controller, attached to a water-jacketed
cell holder, which was connected to a Protech 632D circulating water bath. The
excitation (Aex) and the emission (Aem) bandwidths were fixed at 10 nm each, while a
scanning speed of 500 nm min™, a data pitch of 1 nm, a response time of 1 s and a
detector voltage of 240 V were employed throughout these studies.

For intrinsic fluorescence measurements, the protein solution was excited at 295 nm
and the emission spectra were recorded in the wavelength range, 310-380 or
310-390 nm. Fluorescence spectra of free drug solutions were also obtained in the same
wavelength range upon excitation at 295 nm.
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Fluorescence spectrum of the buffer solution was obtained in the same wavelength
range and fluorescence intensity values at each wavelength were subtracted from the
fluorescence spectra of the protein or ligand—protein mixtures.

Three-dimensional (3-D) fluorescence spectra of HSA (3 uM) were obtained both in
the absence and presence of ligands (VDB / LAP / GEF / SU) using the excitation
wavelength range, 220-350 nm with a data pitch of 5 nm and the emission wavelength
range, 220-500 nm with a data pitch of 1 nm. All other scanning parameters were kept
the same as those described above for fluorescence measurements. The molar ratios
between the ligand and the protein were kept as 5:1 for [VDB]:[HSA] and [GEF]:[HSA]
while 1:1 and 6:1 for [LAP]:[HSA] and [SU]:[HSA], respectively. The molar ratios of
[ligand]:[protein] were optimized to monitor significant quenching in the HSA
fluorescence in the presence of ligands. Three-dimensional fluorescence spectra of HSA
in the absence and presence of ligands were recorded to acquire information about the
microenvironmental changes around Tyr and Trp residues of the protein upon ligand

binding.

3.2.4.2 Absorption spectroscopy

Absorption spectral measurements were made on a double beam UV-Vis
spectrophotometer (Perkin-Elmer Lambda 25), using a pair of 10 mm path length
cuvettes. For the inner filter effect correction, absorption spectra of the protein (3 pM)
were recorded in the presence of increasing concentrations of the ligands in the
wavelength range, 295-390 nm at 298 K.

In order to monitor ligand-induced changes in the absorption spectra of HSA,
spectral measurements of the protein (15 / 20 uM) and ligand—protein mixtures were
made in the wavelength range, 230-380 nm. The ligand concentrations in the ligand—

protein mixtures were varied as 4-20 pM with 4 uM intervals (VDB and LAP);

5-50 uM with 5 pM intervals (GEF) and 2-24 uM with 2 uM intervals (SU).
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Absorption contributions of free ligand solutions were also determined by taking the
absorption spectra of free ligand solutions of similar concentrations in the same

wavelength range.

3.2.4.3 Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the protein and ligand—protein mixtures
([ligand]:[protein] = 1:1) were recorded in the far-UV (200-250 nm) and the near-UV
(250-300 nm) regions at 298 K on a Jasco J-815 spectropolarimeter, equipped with a
thermostatically-controlled water-jacketed cell holder under constant nitrogen flow. The
path length of the sample cuvette and the protein concentration used were 1 mm and 1
puM (VDB) / 2 uM (LAP) / 3 uM (GEF and SU) for the far-UV CD spectral
measurements. On the other hand, 10 mm path length cuvette and 5 uM (VDB) / 8 uM
(LAP) / 9 uM (SU) / 10 uM (GEF) protein concentration were employed for CD
measurements in the near-UV region. The spectra were recorded using a scan speed of
100 nm min™, a response time of 0.5 s and a data pitch of 1 nm. The final spectrum
was an average of four successive scans. The far-UV and the near-UV CD spectral
measurements of HSA were made in the absence and presence of ligand (VDB / LAP /
GEF / SU) to reveal ligand-induced changes (if any) in the protein’s secondary and
tertiary structures, respectively.

The measured ellipticity values were expressed in terms of mean residue ellipticity

(MRE) in deg. cm?. dmol™ according to the following equation:

[6obs X MRW]
10 X I X Cp

MRE = 1)

where 6, is the ellipticity in millidegree; MRW is the mean residue weight (molecular
weight of the protein, 66,500 divided by the total number of amino acid residues, 585);
I is the path length of the cuvette in mm and C,, is the protein concentration in mg ml™

(Chenetal., 1972).
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3.25  Ligand-protein interaction studies

3.2.5.1 Fluorescence quenching titration

Interactions of VDB, LAP, GEF and SU with HSA were studied using fluorescence
guenching titration method according to the published procedure (Feroz et al., 2012). In
short, a fixed concentration of the protein (3 uM) was titrated with increasing ligand
concentrations in a total volume of 3.0 ml. The ligand concentrations used in different
titrations were 5-60 pM with 5 uM intervals (VDB); 0.5-4.5 pM with 0.5 uM intervals
(LAP); 5-50 uM with 5 pM intervals (GEF) and 2-24 uM with 2 uM intervals (SU). An
incubation time of 1 h was used to allow the equilibrium to be established at the desired
temperature. The fluorescence spectra were recorded after an additional equilibration
time of 6 min in the cuvette at each temperature.

In order to investigate the quenching mechanism as well as thermodynamics of the
ligand—protein interaction, the titration was performed at three different temperatures,

i.e., 288 K, 303 K and 318 K (VDB, LAP and GEF) or 288 K, 298 K and 308 K (SU).

3.2.5.2 Analysis of the fluorescence quenching titration data

Fluorescence quenching titration results were treated for making inner filter effect
correction, investigating the quenching mechanism and determining the binding
constant and thermodynamic parameters of the binding reaction. These treatments were

made in the following way.

I. Inner filter effect correction
In order to eliminate the inner filter effect, the fluorescence data were corrected for
the absorption of the exciting light and reabsorption of the emitted light by the ligand

(VDB / LAP / GEF / SU), using the following equation (Lakowicz, 2006):

Fror = Fops10 (ex* Aem)/2 2
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where F,,, and F,,, refer to the corrected and the observed fluorescence intensity
values, while A¢x and A are the differences in the absorbance values of the protein,
observed in the presence of ligand at the excitation wavelength (295 nm) and the

emission wavelengths (310-390 nm), respectively (Lakowicz, 2006).

I1. Quenching mechanism

Investigation of the quenching mechanism involved in ligand (VDB / LAP / GEF /
SU)-induced quenching of HSA fluorescence was made by the temperature dependency
of the fluorescence quenching. The fluorescence data were treated according to the

well-known Stern-Volmer equation (Lakowicz, 2006):
Fo/F=1+ Ks [Q] = 1+ k;7,[0Q] 3)

where Fo and F represent the fluorescence intensity values of the protein (HSA) in the
absence and presence of the quencher (ligand), respectively; K, is the Stern-Volmer
quenching constant and [Q] is the quencher concentration (Lakowicz, 2006).

Values of the bimolecular quenching rate constant, k, of the fluorescence quenching
process at different temperatures were obtained by substituting the value of 7, the
average lifetime of the biomolecule in the absence of the quencher as 6.38 x 10~ s for

HSA (Abou-Zied and Al-Shihi, 2008) in the following equation:
kg =Ksy / To 4)

I11. Binding constant
Values of the binding constant (K,) for the ligand (VDB / LAP / GEF / SU)-HSA
system were obtained by treating the fluorescence quenching data according to the

following double logarithmic equation (Bi et al., 2004):

log (Fy — F) / F =nlogK, —nlog [1/ ([Ly] — (Fo-F) [Pr] / Fy)] (5)
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where n is the Hill coefficient; [Ly] and [P] are the total concentrations of the ligand
and the protein, respectively.
The value of K;was obtained by dividing the Y-axis intercept value with the slope

value of the straight line plot between log(F,—F)/F versus

log [1/ ([Lr] — (Fo-F) [Pr]/ F,)] and taking the antilog of it.

IV. Thermodynamic parameters

Thermodynamic parameters of the binding reaction are useful in characterizing the
forces involved in ligand—protein complex formation. Values of the enthalpy change
(AH) and the entropy change (AS) for ligand—HSA interaction were obtained from the

van’t Hoff plot between In Kyand 1/ T using the following equation:
InK, = —AH/RT + AS/R (6)

where R is the gas constant (8.314 J mol™ K™) and T is the absolute temperature
(273 £ °C).
Values of the free energy change, AG of the binding reaction at different temperatures

were obtained by substituting the values of AH and AS in the following equation:
AG = AH — TAS (7)

3.2.6  Thermal stability studies

In order to evaluate the effect of ligand (VDB / LAP / GEF / SU) binding on the
thermal stability of the protein, fluorescence measurements were carried out on HSA in
the absence and the presence of ligand in the temperature range, 298-353 K with 5 K
intervals. Both HSA (3 uM) and ligand-HSA mixtures ([VDB]:[HSA] = 10:1 /
[LAP]:[HSA] = 2:1 / [GEF]:[HSA] = 10:1/ [SU]:[HSA] = 4:1) were incubated at 298 K
for 1 h followed by a further incubation for 10 min at each temperature for equilibrium

establishment (Celej et al., 2003; Sancataldo et al., 2014). The selected molar ratios of
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[ligand]:[HSA] were made to obtain ~ 40 % decrease in the fluorescence intensity of
HSA upon ligand binding. All other scanning parameters were kept the same as
described in the Section 3.2.4.1 and the spectra were recorded in the wavelength range,
300-400 nm upon excitation at 295 nm.

The fluorescence data were transformed into relative fluorescence intensity at 342
nm (Flza2 nm) Or 343 nm (Flsa3nm) by taking the fluorescence intensity at 342 / 343 nm of

HSA or ligand—HSA mixtures at 298 K as 100.

3.2.7  Effect of metal ions on ligand—protein interactions

The fluorescence quenching titration method (as described in Section 3.2.5.1) was
used to study the effect of metal ions, such as Mg?®*, K*, Ca®*, Mn*, Cu®*, Zn?* and
Ba?* on the ligand (VDB / LAP / GEF / SU) binding affinity of HSA. The protein
solution was preincubated with these metal ions for 12 h or 1 h at 298 K in separate
experiments prior to titration with the ligands. The final concentrations of the protein
and the metal ions in the incubation mixture were maintained as 3 uM and 30 uM
(vDB) /50 uM (LAP) / 100 uM (GEF and SU), respectively.

Values of the binding constant, K, for ligand—HSA interactions in the absence and
presence of metal ions were obtained by treating the fluorescence quenching data in the

same way as described in Section 3.2.5.2.

3.2.8  Competitive ligand displacement studies

In order to investigate the location of VDB, LAP, GEF and SU binding sites on
HSA, competitive ligand binding experiments were performed using different site-
specific markers, i.e., PBZ and IDM for Sudlow’s site I, DZM and KTN for Sudlow’s
site Il and HMN and DGT for site Il (Kragh-Hansen, 1985; Kragh-Hansen et al.,
2002). In these experiments, either ligand—HSA complex was titrated with site markers

or site marker—HSA complex was titrated with ligands and fluorescence spectra were
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recorded in the wavelength range of 300-400 nm upon excitation at 295 nm. Values of
the binding constant (K,) for LAP / GEF / SU-HSA interactions were determined in the
absence and presence site markers using Equation (5). All competitive ligand

displacement experiments were performed at 298 K, pH 7.4.

3.2.8.1 Investigation of the VDB binding site

In these experiments, a fixed concentration of HSA (3 pM) and VDB-HSA mixture
(mixed in a molar ratio of 5:1 and preincubated for 1 h at 298 K) were titrated with
increasing concentrations (0-30 puM with 5 uM intervals) of PBZ or DZM in a total
volume of 3.0 ml. After incubating the mixtures for additional 1 h at 298 K, the

fluorescence spectra were recorded.

3.2.8.2 Investigation of the LAP binding site

The titration experiments were performed using free HSA as well as site marker
(PBZ / DZM [/ HMN / DGT)-bound HSA. To a fixed concentration of HSA (3 uM) and
its complexes with different site markers (mixed in a [site marker]:[HSA] molar ratio of
2:1 and preincubated for 1 h at 298 K), increasing concentrations (0-6.0 uM with 0.5
uM intervals) of LAP were added in a total volume of 3.0 ml. The fluorescence spectra

were recorded after 1 h incubation at 298 K.

3.2.8.3 Investigation of the GEF binding site

These experiments were performed by titrating 3 uM HSA and its equimolar (1:1)
complexes with IDM / KTN / HMN with increasing GEF concentrations (0-50 uM with
5 UM intervals). Site marker—HSA mixtures were allowed to equilibrate for 1 h at 298 K
before titration with GEF. Fluorescence spectra were recorded after additional 1 h

incubation at 298 K upon GEF addition.
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3.2.8.4 Investigation of the SU binding site

Free protein (HSA) solution (3 uM) and its mixture with PBZ / DZM (mixed in a
[site marker]:[HSA] molar ratio of 1:1 and preincubated for 1 h at 298 K) were titrated
with increasing SU concentrations (0-24 uM with 2 pM intervals). The fluorescence

spectra were recorded after 1 h incubation at 298 K.

3.2.9  Molecular docking studies

The 3-D structures of VDB, LAP, GEF and SU were constructed and their
geometries were optimized by energy minimization in MMFF94 force field (Halgren,
1996) using Avogadro Software (Hanwell et al., 2012). These structures were exported
as mol2 files. Docking, visualization and rendering simulation were performed using
AutoDock 4.2 (Goodsell et al., 1996) and AutoDockTools 1.5.6 at the Academic Grid
Malaysia Infrastructure (Sanner, 1999). The crystal structure of HSA (PDB code:
1BMO) with resolution at 2.5 A was downloaded from the Protein Data Bank (Berman
et al., 2000). Water molecules were removed and the atomic coordinates of chain A of
1BMO were stored in a separate file and were used as input for AutoDockTools after
adding polar hydrogens, Kollman charges and solvation parameters. Merging of
nonpolar hydrogens and defining rotatable bonds were made in the ligands. The
molecular docking analyses were made for different ligand binding sites, i.e., Sudlow’s
sites | and Il (VDB and SU) or sites I, Il and 111 (LAP and GEF) of HSA. For each
binding site (sites I, 1l and I1I), an independent docking analysis of 100 runs (VDB,
LAP and GEF) / 250 runs (SU) was performed within a grid box with 70 x 70 x 70 grid
points and a grid space of 0.375 A.

For VDB-HSA docking analysis, the 3-D coordinates of center of grid box were at
x =35.26,y = 32.41 and z = 36.46 for site | and x = 14.42, y = 23.55 and z = 23.31 for

site 11.
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For LAP-HSA docking analysis, the 3-D coordinates of center of grid box were at
x =35.26,y = 32.41 and z = 36.46 for site I; x = 14.42, y = 23.55 and z = 23.31 for site
Il and x = 42.45, y = 24.47 and z = 15.28 for site Ill.

For GEF-HSA docking analysis, the 3-D coordinates of center of grid box were at
x=41.61,y =33.78 and z = 30.49 for site I; x = 11.61, y = 29.78 and z = 18.49 for site
Il and x = 46.61, y = 22.78 and z = 14.49 for site I1I.

For SU-HSA docking analysis, the 3-D coordinates of center of grid box were at
x =35.61,y=31.78 and z = 31.49 for site | and x = 14.61, y = 22.78 and z = 21.49 for
site 11.

Lamarckian genetic algorithm with local search was used as the search engine. In
each run, a population of 150 individuals with 27 000 generations and 250 000 energy
evaluations were employed. Operator weights for crossover, mutation and elitism were
set at 0.8, 0.02, and 1.0, respectively. For the local search, default parameters were used.
Cluster analyses were performed on docked results using a root-mean-square deviation
(RMSD) tolerance of 2.0 A. The ligand—-HSA complexes were visualized using
AutoDockTools (VDB and LAP) or Chimera 1.10.2 (GEF and SU) (Pettersen et al.,
2004).

Besides, the docking results depicting the interactions between the ligand and its
binding sites were observed using LigPlot+ (VDB, LAP and SU) (Wallace et al., 1995)

and mesh surface representation (GEF).

3.2.10 Statistical analysis

The experimental results of this study are presented as an average + standard
deviation (SD) from three individual experiments. All the figures were made using the
OriginPro version 8.5 software (OriginLab Corp., Northampton, MA) by fitting

experimental data to their corresponding equations.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 VDB-HSA interaction

Fluorescence spectroscopic method has been greatly exploited in ligand binding
studies in being highly sensitive, less time consuming and easy to perform. The
fluorescence measurements can provide some useful information about the binding of
small molecules to protein such as binding mechanism, binding mode, binding
constants and binding numbers (Bozoglan et al., 2014). Therefore, fluorescence

spectroscopy was employed to study VDB-HSA interaction.

4.1.1  Fluorescence spectra

Figure 4.1 shows the fluorescence spectra of HSA in the absence and presence of
increasing concentrations of VDB. The fluorescence spectrum of HSA was
characterized by the presence of an emission maximum at 342 nm, which was indicative
of the presence of tryptophan (Trp) in HSA (Sulkowska, 2002). A progressive decrease
in the fluorescence intensity and red shift in the emission maximum were observed
upon addition of VDB to HSA. About 35 % decrease in the fluorescence intensity at
342 nm (inset of Figure 4.1) and 8 nm red shift were noticed at the highest
concentration (60 puM) of VDB (Figure 4.1). Free VDB did not produce any
fluorescence signal within this wavelength range (Figure 4.1). Alteration in the
fluorescence characteristics (fluorescence intensity and emission maximum) of HSA
upon addition of VDB were suggestive of VDB binding to HSA. Similar changes in the
fluorescence characteristics have been shown in many ligand binding studies (Cheng et
al., 2013; Feroz et al., 2013; Li et al., 2007). It seems probable that VDB binds to a site
near the single Trp residue (Trp-214) of HSA, which may account for the significant
decrease in the fluorescence intensity and red shift in the emission maximum upon

VDB binding. In view of the unique sensitivity of the emission maximum to
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Figure 4.1:

Fluorescence spectra of HSA (3 uM) in the absence (spectrum 1) and
presence (spectra 2-13) of increasing VDB concentrations (5-60 uM
with 5 pM intervals), obtained in 60 mM sodium phosphate buffer,
pH 7.4 at 288 K upon excitation at 295 nm. The fluorescence
spectrum of free VDB (60 uM) is shown with dotted line. The inset
shows the decrease in the relative fluorescence intensity of HSA at
342 nm (Flzs2 nm) With increasing VDB/HSA molar ratios.
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hydrophobic changes in the microenvironment around fluorophores (Lakowicz, 2006),
red shift in the emission maximum observed upon VDB addition may point toward
increased polarity of the microenvironment around Trp residue. This was also supported
by the decrease in the fluorescence intensity of HSA in the presence of VDB, as
fluorescence intensity is known to be affected by hydrophobic changes and movement

of charged groups in the vicinity of the Trp residue (Lakowicz, 2006).

4.1.2  Mechanism of fluorescence quenching

The mechanism of fluorescence quenching of a protein can be classified either as
static or dynamic quenching process. These two mechanisms can be distinguished by
their response to temperature (Lakowicz, 2006). Higher temperatures lead to faster
diffusion, thus producing a large amount of collisional quenching between the
fluorophore and the quencher. Contrary to it, higher temperatures contribute to the
dissociation of weakly-bound complexes, resulting in a decrease in static quenching
(Lakowicz, 2006). Therefore, the quenching constant increases with temperature for
dynamic quenching process and shows a decrease for static quenching (Maiti et al.,
2008; Tunc et al., 2013a; Xu et al., 2013). In order to investigate the fluorescence
quenching mechanism involved in VDB-HSA system, the titration experiments were
carried out at three different temperatures, i. e., 288 K (Figure 4.1), 303 K and 318 K
(Figure 4.1S) and the fluorescence quenching data were analyzed according to the
Stern-Volmer equation (Eq. (3)). The Stern-VVolmer plots shown in Figure 4.2 indicated
linear relationship between Fy/ F and [VDB]. Regression analysis of these plots yielded
the values of the Stern-Volmer constant, Ksy at different temperatures, which are listed
in Table 4.1. A gradual decrease in the Ksy value with increasing temperatures (Figure
4.2, Table 4.1) clearly demonstrated that the fluorescence quenching observed was due
to the complex formation between VDB and HSA and therefore, can be characterized

as static quenching. This seems understandable as increase in temperature would have
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Figure 4.1 S:

Fluorescence spectra of HSA (3 uM) in the absence (spectrum 1) and
presence (spectra 2-13) of increasing VDB concentrations (5-60 uM
with 5 puM intervals), obtained in 60 mM sodium phosphate buffer,
pH 7.4 at (A) 303 K and (B) 318 K upon excitation at 295 nm.
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Figure 4.2: Stern-Volmer plots for the fluorescence quenching data of the
VDB-HSA system, obtained at three different temperatures,
i.e., 288 K, 303 K and 318 K.
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Table 4.1:  Quenching and binding parameters for VDB-HSA interaction, studied at
three different temperatures, pH 7.4.

288 (8.77 £ 0.15) x 10° (1.37 £ 0.14) x 10" (8.92 + 0.05) x 10°

303 (7.70 £ 0.10) x 10° (1.20 £ 0.12) x 10" (7.63 £0.17) x 10°

318 (6.90 + 0.17) x 10° (1.08 + 0.15) x 10% (6.89 + 0.10) x 10°
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weakened the forces involved in VDB-HSA complex formation. Furthermore, the
calculated kq values, using Eq. (4) for VDB-HSA system (Table 4.1) were found higher

than the maximum dynamic quenching constant (2 x 10 M s

), reported for various
guenchers of biomolecules (Ware, 1962). This has further supported the involvement of

static quenching mechanism in the interaction between VDB and HSA.

4.1.3  Binding affinity

To determine the binding constant (K;) of VDB-HSA system at different
temperatures, fluorescence quenching data were analyzed using Eq. (5) and were plotted
as log (Fo-F) / F versus log [1/ ([L1] = [(Fo - F) [Pr] / Fo)], as shown in Figure 4.3.
The values of K, at three different temperatures were obtained from these plots
following the method described in Section 3.2.5.2 and are listed in Table 4.1. The K,
values (8.92-6.89 x 10°M™) reflected weak binding affinity between VDB and HSA,
which is useful for efficient transport and release of VDB at the target site. Several
reports have suggested the values of K, for different ligand—protein interactions fall in
the range, 3.35x 10°- 1.3 x 10*M™ (Afrin et al., 2014; Li et al., 2015; Liu et al., 2009).
The decreasing trend of K, values with temperature indicated reduction in the VBD
binding capacity of HSA, thus leading to less stable VDB-HSA complex (Feroz et al.,

2012; Trnkova et al., 2011).

4.1.4 Interaction forces

The ligand—protein complex formation may involve various noncovalent forces such
as hydrogen bonds, hydrophobic interactions, van der Walls forces and electrostatic
forces. Thermodynamic parameters such as the enthalpy change (AH), the entropy
change (AS) and the free energy change (AG) of the binding reaction can establish the
binding mode between a ligand and the protein (Li et al.,, 2007; Olsson et al.,

2008; Ross & Subramaniam, 1981). In order to examine the acting forces involved in
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Figure 4.3: Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+] -
[(Fo = B)[P1] / Fo)] for the fluorescence quenching data of the

VDB-HSA system, obtained at three different temperatures,
l.e., 288 K, 303 K and 318 K.
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VDB-HSA interaction, thermodynamic parameters (AH and AS) were assessed using
Eq. (6) for the van’t Hoff plot between In K, and 1/T, as shown in Figure 4.4. Values of
AH and AS along with AG (obtained by using Eq. (7)) are summarized in Table 4.2. The
negative values of AG clearly demonstrated that the binding between VDB and HSA
was spontaneous at all temperatures. The negative sign of AH revealed exothermic
nature of the binding reaction. The water molecules that were otherwise arranged in an
orderly fashion around the ligand (VDB) and the protein (HSA) molecules, must have
acquired a more random conformation upon VDB-HSA complex formation, thus
resulting in the positive entropy change (AS). A positive value of AS obtained for
ligand-protein interaction is frequently taken as an evidence for the involvement of
hydrophobic interactions (Ross & Subramaniam, 1981). Meanwhile, AS value seems to
play the major role in making the AG value negative for VDB—HSA interaction. (Li et
al., 2007; Zhang et al., 2008). On the other hand, the large negative value of AH,
obtained for VDB-HSA system can account for the involvement of hydrogen bonds and
/ or van der Walls forces (Ross & Subramaniam, 1981). Involvement of electrostatic
interactions in VDB-HSA complex formation can be ruled out as the value of AH
should be either very small or close to zero for typical electrostatic interactions
(Rahman et al., 1993b; Ross & Subramanian, 1981; Zhang et al., 2008). Since VDB
lacks any ionizable / charged group, it is inconceivable to suggest the involvement of
electrostatic interactions in the VDB—HSA binding process.

It is not reasonable to account for the observed changes in the thermodynamic
parameters using only a single binding force, as these changes reflect several
intermolecular phenomena between the ligand and the protein (Li et al., 2007; Zhang et
al., 2008). Therefore, hydrophobic interactions and hydrogen bonds are believed to
contribute collectively for the stabilization of VDB-HSA complex. Several reports have

shown the involvement of hydrophobic interactions and hydrogen bonds as the acting
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Figure 4.4: The van’t Hoff plot for VDB-HSA interaction. Values of K, were
obtained from the double logarithmic plots, displayed in Figure 4.3.
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Table 4.2:  Thermodynamic parameters for VDB-HSA interaction, studied at three
different temperatures, pH 7.4.

AS (I mol™t K™ AH (kJ mol™) AG (kJ mol™)
288 - 21.77
303 +52.76 - 6.57 - 22.56
318 - 23.35
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forces in drug-serum albumin interactions based on the positive value of AS and the
negative AH value (Feroz et al., 2012; Feroz et al., 2015; Li et al., 2007; Li et al., 2008;
Zhang et al., 2008). Our docking analysis of VDB-HSA complex also predicted the
involvement of both these interactions in the complex formation as described in Section

4.1.9.2.

4.1.5  Absorption spectra

Ligand-induced perturbations in the absorption spectrum of the protein are usually
seized as indicator for the complex formation between a ligand and the protein (Peters,
1996). Variations in the absorption spectrum of HSA in the presence of increasing VDB
concentrations (4-20 puM with 4 pM intervals) (Figure 4.5) were attained after
subtracting the absorption contribution of free VDB (Figure 4.5S(B)) from the
absorption spectra of respective VDB-HSA mixture (Figure 4.5S(A)). Occurrence of
the absorption peak at 280 nm in the UV-vis absorption spectrum of HSA can be
ascribed to the presence of lone Trp residue (Trp-214) in HSA (Berde et al., 1979). In
addition, another peak also appeared at 330 nm, whose intensity also increased with
increasing VDB concentrations. The hyperchromic effect in the absorption spectrum of
HSA produced by the added VDB clearly reflected VDB-induced microenvironmental
changes in the vicinity of the Trp-214 due to complex formation between VDB and
HSA (Peters, 1996). These results were in line with those described in Section 4.1.2,

confirming VDB—-HSA complex formation.

4.1.6  VDB-induced structural / microenvironmental changes in HSA
VDB-induced structural (secondary and tertiary structures) changes and

microenvironmental perturbations around protein fluorophores (Trp and Tyr) in HSA

were investigated using circular dichroism and 3-D fluorescence spectroscopy,

respectively.
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Figure 4.5:

UV-vis absorption spectra of HSA (20 uM) in the absence (spectrum
1) and presence (spectra 2-6) of increasing VDB concentrations
(4-20 pM with 4 uM intervals), obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K. The spectra (2-6) were obtained by
subtracting the absorption contribution of respective free VDB from
the absorption spectra of VDB-HSA mixtures.
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Figure 45 S:

(A) Uncorrected UV-vis absorption spectra of HSA (20 uM) in the
absence (spectrum 1) and presence (spectra 2—6) of increasing VDB
concentrations (4-20 uM with 4 puM intervals), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 298 K. (B) The spectra (1-5) were
obtained with increasing VDB concentrations (4-20 uM with 4 uM
intervals).
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4.1.6.1 Far-UV and near-UV CD spectra

Figures 4.6 and 4.7 show the effect of VDB binding on the secondary and tertiary
structures, respectively, of HSA at a [VDB]:[HSA] molar ratio of 1:1. The far-UV CD
spectrum of HSA (Figure 4.6) was characterized by the presence of two minima at
208 nm and 222 nm, characteristics of the a- helical structure of the protein (Reed et
al., 1975). Presence of VDB in the system produced significant alterations in the far-Uv
CD spectra of HSA, showing ~ 7.5 % decrease in the MRE2», nm value at 1:1 VDB/HSA
molar ratio. Such a decrease in the MREz,, nm value was indicative of the secondary
structure alteration of HSA in the presence of VDB, thus implying complex formation
between VDB and HSA.

The near-UV CD spectra of HSA in the absence and presence of VDB are displayed
in Figure 4.7. Presence of two minima at around 263 nm and 270 nm and shoulders
around 272 nm and 284 nm characterized the near-UV CD spectrum of HSA. These
spectral features were similar to those reported earlier and characterized the presence of
the disulfide bonds and aromatic chromophores in the protein (Lee et al., 1992; Uversky
et al., 1997). A significant reduction in the CD spectral signals was observed in the
presence of VDB, suggesting perturbations around the Trp residue and disulfide bonds
due to tertiary structural change.

In view of the above, it can be concluded that VDB binding to HSA produced both
secondary and tertiary structural alterations in HSA. Similar CD spectral changes of
HSA have been reported in the presence of various other ligands (Chatterjee et al.,

2012; Dockal et al., 1999; Lee et al., 1992).

4.1.6.2 Three-dimensional fluorescence spectra
Knowledge of VDB-induced microenvironmental changes around aromatic
fluorophores (Trp and Tyr) is particularly important as one of the ligand binding sites

i.e., Sudlow’s site | is located in the vicinity of Trp-214 of HSA (Sudlow et al., 1975).
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Figure 4.6: Far-UV CD spectra of HSA (1 pM) and VDB-HSA (1:1) mixture.
The CD spectra were recorded using a 1 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.7:  Near-UV CD spectra of HSA (5 pM) and VDB-HSA (1:1) mixture.
The CD spectra were recorded using a 10 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.

72



Three-dimensional fluorescence spectra and corresponding contour maps of free HSA
(A) and [VDB]:[HSA] (5:1) mixture (B) are shown in Figure 4.8. The fluorescence
characteristics, such as peak position (hex/ Aem) and intensity of the peaks are listed in
Table 4.3. As shown in Figure 4.8, peaks ‘a’ and ‘b’, which are known as Rayleigh
scattering peak (Aex = Xem) and the second order scattering peak (2hex = Aem),
respectively, are common in 3-D fluorescence spectra (Cheng et al., 2013; Feroz et al.,
2013; Lu et al., 2009). In addition to these peaks, two other fluorescence peaks, namely,
‘1’ (Aex= 280 nm) and ‘2’ (Aex= 230 nm) were also observed, which were due to the
presence of Trp and Tyr residues in the protein (Feroz et al., 2015). Presence of VDB in
the incubation mixture produced significant change in the spectral characteristics.
Whereas peak ‘1’ showed a red shift of 11 nm and ~ 36 % decrease in the fluorescence
intensity, 13 nm red shift and ~ 80 % decrease in the fluorescence intensity were
noticed in peak ‘2’ upon VDB addition to HSA (Table 4.3). These results suggested
microenvironmental perturbation around Trp-214 upon VDB binding. Due to the
presence of the lone tryptophan (Trp-214) in domain Il of HSA (Peters, 1996), it seems
that domain 1l might have undergone significant structural perturbation upon VDB

binding.

4.1.7  Thermal stabilization of HSA

Several earlier reports have shown relatively greater thermostability of HSA in the
presence of ligands, which are known to bind to HSA (Feroz et al., 2013; Sancataldo et
al., 2014; Watanabe et al., 2001). In view of it, we also checked the thermostability of
HSA in the presence of VDB ([VDB]:[HSA] = 10:1), by monitoring the change in the
protein’s fluorescence with increasing temperatures. Temperature-induced variations in
the protein’s fluorescence intensity in the absence and upon addition of VDB are
depicted in Figure 4.9. As can be noticed from the figure, significantly lesser decease in

the intensity value was observed in the presence of VDB within the temperature range,
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Figure 4.8:

Three-dimensional fluorescence spectra and corresponding contour
maps of (A) HSA (3 uM) and (B) VDB-HSA (5:1) mixture. The
spectra were recorded in 60 mM sodium phosphate buffer, pH 7.4 at
298 K.
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Table 4.3:  Three-dimensional fluorescence spectral characteristics of HSA (3 M)
and VDB-HSA system at 298 K, pH 7.4.

Peak Position

[Aex! Aem (NnmM/nmM)]

Intensity

HSA

[VDB]:[HSA] = 5:1

230/230—350/350

250/500

280/338

230/335

230/230—350/350

250/500

280/349

230/348

17.91-113.91

93.97

342.62

161.63

14.53—95.82

32.87

221.10

31.64
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Figure 4.9:

Thermal stability profiles of HSA (3 pM) and VDB-HSA (10:1)
mixture in the temperature range, 298-353 K with a regular
increments of 5 K, as monitored by fluorescence intensity

measurements at 342 nm (Flszs2 nm), in 60 mM sodium phosphate
buffer, pH 7.4.
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308-353 K compared to that evident with HSA alone. Such difference was more
pronounced at higher temperatures. Quantitatively, ~ 64 % loss in the fluorescence
intensity value of the protein was marked at 353 K with addition of VDB against
~ 72 % decrease noticed with HSA alone. Such improvement in the fluorescence
intensity displayed by VDB-HSA mixture at higher temperatures clearly suggested
thermal stabilization of HSA offered by VDB binding. This seems understandable as
higher temperatures might be needed to destabilize the noncovalent forces involved in

the VDB-HSA complexation (Stickle et al., 1992).

4.1.8 Influence of metal ions on VDB-HSA interaction

Metal ions are vital for various biochemical processes and some of these are present
in low concentrations in blood plasma (Guidotti et al., 2008). The influence of some
common metal ions such as Ca?*, Zn®*, Cu?*, Ba**, Mg®* and Mn** on VDB-HSA
interaction was investigated at pH 7.4, 298 K by determining the binding constant (K,)
of VDB-HSA complex in the absence and presence of these metal ions (30 uM). As
can be seen from Table 4.4, the K,value of VDB-HSA complex showed smaller but
significant decrease in the presence of Mg®*, Zn?*, Ba** and Cu®" while a smaller but
significant increase in K, value was noticed in the presence of Mn?*. These results
suggested metal ions’ interference with VDB-HSA complex formation due to change in
the binding affinity in the presence of metal ions. Such interference may shorten or
prolong the storage time of drug in blood plasma that could weaken or enhance the
effectiveness of the drug (Cheng et al., 2013; Cui et al., 2004). Therefore, presence of
metal ions in blood plasma could affect the pharmacokinetics of VDB in blood

circulation.
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Table 4.4: Ka values of VDB-HSA interaction in the absence and presence of
different metal ions (30 uM) at 298 K, pH 7.4.

Metal lon Ka (x 10° M™)

- 8.09 +0.15
Mg 7.36 +0.20
Ca?* 7.87+0.21
Mn?* 9.00 +0.15
cu®* 7.27 £0.07
Zn?* 6.82 +0.03
Ba** 7.22£0.16
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4.1.9 Location of VDB binding site
Identification of VDB binding site on HSA was made using competitive ligand

displacement studies with site markers as well as molecular docking.

4.1.9.1 Site marker-induced VDB displacement

According to Sudlow et al. (1975), a large number of common ligands as well as
drugs interact with HSA at two different binding sites, namely, site | and site 11, that are
resided in sub-domains 1A and IlIA, respectively (Peters, 1996). Site | shows affinity
for several specific markers such as warfarin, PBZ and IDM, whereas DZM, KTN and
ibuprofen are well known markers for site Il (Kragh-Hansen et al., 2002). In order to
identify the location of the VDB binding site on HSA, competitive ligand displacement
experiments were performed with PBZ (site | marker) and DZM (site 1l marker) using
fluorescence spectroscopy. Figures 4.10 and 4.11 show titration results of HSA and
VDB-HSA mixture ([VDB]:[HSA] = 5:1) with increasing concentrations of PBZ and
DZM, respectively. As can be seen from the figures, a progressive decrease in the
fluorescence intensity at 342 nm (Flss2 nm) of HSA was noticed upon addition of PBZ or
DZM, which was indicative of their binding to HSA. Interestingly, presence of VDB in
VDB-HSA mixture offered significant protection against PBZ-induced decrease in the
spectral signal, but lesser effect was noticed in the presence of DZM. These results
clearly suggested preference of site | of HSA for VDB binding compared to site II.
Furthermore, these results were in line with our 3-D fluorescence spectral results,
suggesting structural perturbation around protein fluorophores upon VDB binding.
Since site | contains Trp-214 in it, its microenvironment might have been changed upon

VDB binding to this site to produce spectral shift and decrease in fluorescence intensity.

4.1.9.2 Molecular docking analysis

A molecular docking study was made to predict the binding site of VDB in HSA and
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Figure 4.10:

Plots showing the decrease in the relative fluorescence intensity at
342 nm (Flsa2 nm) of HSA (3 uM) and VDB-HSA (5:1) mixture with
increasing concentrations (0-30 puM with 5 pM intervals) of PBZ.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.11:

Plots showing the decrease in the relative fluorescence intensity at
342 nm (Flsa2 nm) of HSA (3 uM) and VDB-HSA (5:1) mixture with
increasing concentrations (0-30 uM with 5 puM intervals) of DZM.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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to support the results of the competitive ligand displacement experiments described
above. Site marker-induced VDB displacement results (Section 4.1.9.1) suggested
Sudlow’s site | (subdomain IlA) as the preferred binding site of VDB on HSA.
Therefore, we selected site-specific areas (Sudlow’s site | and site Il of HSA) for
docking studies to confirm the experimental results. Cluster analysis for the binding site
| using RMSD tolerance of 2.0 A yielded a total of 10 multimember conformational
clusters from 100 docking runs with the lowest mean binding energy of — 36.11 kJ
mol™. The highest populated cluster had 27 out of 100 conformations. However, the
conformation with the lowest binding energy (- 37.24 kJ mol™) was not a member of
the highest populated cluster (Figure 4.12). On the other hand, at the binding site Il, 12
multimember conformational clusters, possessing the lowest mean binding energy of
— 23.53 kJ mol™ were identified, with the highest populated cluster possessing 26
members out of 100 conformations (Figure 4.12). As the docking energy of the most
favorable docking conformation in site Il was higher than the one in site I, it suggested
the binding preference of VDB for the drug binding site | (subdomain I1A) of HSA.

The results of these docking studies were in good agreement with the displacement
experiments discussed above. The predicted binding model with the lowest docking
energy (- 37.24 kJ mol™) was then used for binding orientation analysis (Figure 4.13).
The binding site (defined by the amino acid residues within 5 A distance to the ligand)
was found to be deep inside the protein structure and mostly located in a hydrophobic
cleft, lined by the following amino acid residues: Tyr-150, Glu-153, Lys-195, GIn-196,
Leu-198, Lys-199, Trp-214, Arg-218, Leu-219, Arg-222, Leu-238, His-242, Arg-257,
Leu-260, Ala-261, lle-264, Ser-287, His-288, 1le-290, Ala-291, Glu-292, Val-343, Asp-
451, Ser-454 and Val-455. Presence of hydrophobic amino acid residues at the binding
site of HSA might have contributed toward the stability of the VDB-HSA complex

through hydrophobic interactions, as illustrated in red in the LigPlot+ diagram shown in
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Figure 4.12: Cluster analysis of the docking of VDB to Sudlow’s sites | (A) and
Il (B) of HSA crystal structure (1BMO). The results were obtained
from a total of 100 runs for each binding site.
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Figure 4.13:

Predicted binding orientation of the lowest docking energy
conformation of VDB (ball-and-stick rendered) in the Sudlow’s site
I (subdomain I1A) of HSA (1BMO0). Different domains of HSA,
namely, I, Il and Ill are shown in red, blue and green, respectively.
The enlarged view shows the hydrogen bond (green line) formed
between VDB and side chain of Arg—257 (colored yellow).
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Figure 4.14. Several reports have shown the involvement of hydrophobic interactions
and hydrogen bonding in stabilizing the drug-serum albumin complexes based on
LigPlot+ diagram (Ebrahimi et al., 2015; Taghavi et al., 2013; Yeggoni et al., 2015). As
can also be seen from the figure, VDB orientates itself at site | such that its
electronegative atoms (fluorine and bromine) are facing the Trp-214 residue of HSA
and thus create a more polar environment around the Trp residue. However, presence of
several polar amino acid residues within the proximity of the bound ligand indicated
that the interaction between VDB and HSA at site | (Figure 4.14) cannot be exclusively
hydrophobic. Furthermore, in the VDB-HSA complex docking conformation at the site
I, one hydrogen bond was predicted involving the hydrogen atom of Arg-257 and the
ethereal oxygen atom of VDB. Thus results obtained from the docking analysis also
suggested that both hydrophobic interactions and hydrogen bonding collectively
contribute towards VDB-HSA complex formation. These results were in line with our
thermodynamic analysis of the binding reaction, suggesting involvement of both

hydrophobic interactions and hydrogen bonding in VDB-HSA complex formation.

In summary, VDB quenched the intrinsic fluorescence of HSA through static
quenching mechanism, thus suggesting formation of VDB-HSA complex.
Thermodynamic and molecular docking data suggested the involvement of both
hydrophobic interactions and hydrogen bonding in VBD-HSA complex formation at
site I of HSA, located in subdomain I1A. VDB-induced alteration in both secondary and
tertiary structures of HSA was evident from the far-UV and the near-UV CD spectral
results. Metal ions were found to affect the binding affinity of VDB-HSA to a smaller

extent.
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Figure 4.14:

LigPlot+ diagram of VDB (purple lines) and the amino acid residues
of HSA at site I. The residues indicate the presence of hydrophobic
interactions with VDB. Hydrogen bond of VDB and HSA is
rendered with dashed green line.
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4.2 LAP-HSA interaction

Similar to VDB-HSA interaction studies described in the Section 4.1, binding of
another tyrosine kinase inhibitor, LAP to HSA was also investigated using fluorescence
spectroscopy.
4.2.1  Fluorescence spectra

The fluorescence spectra of HSA (3 uM), obtained in the absence and presence of
increasing LAP concentrations (0.5-4.5 uM) at pH 7.4 are shown in Figure 4.15. The
fluorescence spectrum of HSA produced an emission maximum at 343 nm due to the
presence of sole tryptophan (Trp-214) residue (Peters, 1996). Addition of LAP to HSA
resulted in a gradual decrease in the fluorescence intensity at 343 nm, producing ~ 35 %
quenching at the highest (4.5 uM) LAP concentration (inset of Figure 4.15). However,
no shift in the emission maximum was noticed upon LAP addition to HSA. Such
quenching in the fluorescence intensity clearly indicated the binding of LAP to HSA.
Free LAP did not produce any significant fluorescence in the selected wavelength range
(Figure 4.15). In the absence of any shift in the emission maximum, polarity changes in
the microenvironment around Trp residue might be responsible for the observed
guenching of the fluorescence intensity (Lakowicz, 2006). Several earlier reports have
shown quenching of HSA fluorescence upon ligand binding without affecting the

emission maximum (Feroz et al., 2015; Neamtu et al., 2013; Shahabadi et al., 2015).

4.2.2  Mechanism of fluorescence quenching

In order to verify the quenching mechanism, titration of HSA with increasing LAP
concentrations was studied at three different temperatures, i.e., 288 K (Figure 4.15), 303
K and 318 K (Figure 4.15S). The fluorescence quenching data were treated according to
the Stern-Volmer equation (Eqg. (3)). Figure 4.16 shows the Stern-Volmer plots for
LAP-HSA system, obtained at three different temperatures. Although the plots showed

linearity up to 3.5 uM LAP concentration, deviations were observed at higher
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Figure 4.15:

Fluorescence spectra of HSA (3 pM) in the absence (spectrum 1)
and presence (spectra 2-10) of increasing LAP concentrations
(0.5-4.5 uM with 0.5 puM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 288 K upon excitation at 295 nm. The
fluorescence spectrum of free LAP (4.5 uM) is shown with dotted
line. The inset shows the decrease in the relative fluorescence
intensity of HSA at 343 nm (Flsss nm) With increasing LAP/HSA
molar ratios.
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Figure 4.15 S:

Fluorescence spectra of HSA (3 uM) in the absence (spectrum 1) and
presence (spectra 2-10) of increasing LAP concentrations (0.5-4.5
MM with 0.5 pM intervals), obtained in 60 mM sodium phosphate
buffer, pH 7.4 at (A) 303 K and (B) 318 K upon excitation at 295 nm.
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Figure 4.16: Stern-Volmer plots for the fluorescence quenching data of the
LAP-HSA system, obtained at three different temperatures,
i.e., 288 K, 303 K and 318 K.
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LAP concentrations. Such deviations at higher ligand concentrations were not
uncommon and have been reported earlier (Ma et al., 2012; Molina-Boliver et al., 2015;
Silva et al., 2013). Values of the Stern-Volmer constant, Ksy (Table 4.5) were obtained
by regression analysis of the linear parts of the Stern-Volmer plots. An inverse
correlation between Ksy and the temperature was indicative of the involvement of static
quenching mechanism due to the LAP-HSA complex formation. Additionally, higher
magnitude of the kq values (Table 4.5), obtained using Eq. (4) for the LAP-HSA system
in comparison to a diffusion-controlled process (2.0 x 10" M™s™), also supported the

complex formation involving static quenching mechanism (Ware, 1962).

4.2.3  Binding affinity

Treatment of the fluorescence quenching data according to the Eqg. (5) yielded the
double logarithmic plots between log (Fo— F) / F and log [1 / ([Lt] - [(Fo— F)[P1] /
Fo)], as shown in Figure 4.17. The K, values at three different temperatures were
obtained in the same way as described in the Section 3.2.5.2 and are listed in Table 4.5.
Being fallen in the order of 10°, K, values suggested the nature of the binding affinity
between LAP and HSA as intermediate / moderate (Dufour & Dangles, 2005). Based on
intermediate binding affinity, transport of LAP in the bloodstream as well as its release
at the specific target site seems to be a feasible process. Many drugs have been reported
to bind to HSA with an intermediate binding affinity (Duman et al., 2013; Feroz et al.,
2013; Neamtu et al., 2013). A progressive decrease in the K, value with increase in
temperature (Table 4.5) was suggestive of weaker interactions between LAP and HSA

at higher temperatures (Feroz et al., 2015; Wang et al., 2011).

4.2.4  Interaction forces
The linear van’t Hoff plot between In K, and 1/T (Figure 4.18) allowed determination

of AH and AS values for LAP-HSA interaction while the values of AG at different
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Table 4.5:  Quenching and binding parameters for LAP-HSA interaction, studied at
three different temperatures, pH 7.4.

T (K) Ksy (M) kg (M s™) Ka (MY
288 (1.24 £ 0.03) x 10° (1.94 £ 0.11) x 10** (1.49 + 0.08) x 10°
303 (1.07 £ 0.03) x 10° (1.68 +0.09) x 10" (1.24 +0.06) x 10°
318 (0.88 + 0.01) x 10° (1.38 + 0.08) x 10" (1.01 + 0.06) x 10°
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Figure 4.17: Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+1] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
LAP-HSA system, obtained at three different temperatures,
i.e., 288 K, 303 K and 318 K.
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Figure 4.18: The van’t Hoff plot for LAP-HSA interaction. Values of K, were
obtained from the double logarithmic plots, displayed in Figure 4.17.
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temperatures were obtained from Eq. (7). Table 4.6 shows the values of AH, AS and AG
of the LAP-HSA system. As evident from Table 4.6, the negative values of AG
affirmed that the binding process was spontaneous at all temperatures. Furthermore, the
binding reaction was accompanied by a positive entropy change and the release of heat
as shown by the negative sign of AH. Since hydrophobic interactions are accompanied
by a positive entropy change and a large negative AH value generally accounts for the
hydrogen bonding and van der Waals interactions (Ross & Subramanian, 1981), it
appears that all these interactions, i.e., hydrophobic and van der Waals interactions as
well as hydrogen bonds facilitated the formation of LAP-HSA complex. Disruption of
the ordered water layers around the protein (HSA) and the ligand (LAP) molecules in
free states might have contributed a large increase in entropy upon LAP-HSA complex
formation. Involvement of a number of forces seems plausible to stabilize LAP-HSA
complex. Our results (thermodynamic data) showing the involvement of hydrophobic
along with van der Waals interactions as well as hydrogen bonds were well supported

by docking analysis as described in Section 4.2.9.2.

4.2.5  Absorption spectra

Figure 4.19 shows the UV-vis absorption spectra of HSA in the absence and
presence of increasing LAP concentrations (4-20 puM with 4 uM intervals). The spectra
were obtained by subtracting the absorption spectra of pure LAP solutions (Figure
4.19S(B)) from the absorption spectra of respective LAP-HSA mixtures (Figure
4.19S(A)). Presence of the absorption maximum of HSA around 280 nm characterized
the absorption peak of protein chromophores (Barreca et al., 2013). As can be seen from
Figure 4.19, the absorption peak of the protein showed hyperchromism without any
shift in the absorption maximum in the presence of increasing LAP concentrations.
Such changes in the absorbance of HSA upon LAP addition clearly indicated

microenvironmental alterations around protein chromophores due to LAP-HSA
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Table 4.6:  Thermodynamic parameters for LAP-HSA interaction, studied at three
different temperatures, pH 7.4.

AS (3 mol™ K™ AH (kJ mol™) AG (kJ mol™)
288 —28.53
303 +65.21 -9.75 —29.51
318 —30.49
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Figure 4.19:

UV-vis absorption spectra of HSA (20 uM) in the absence (spectrum
1) and presence (spectra 2-6) of increasing LAP concentrations
(4-20 pM with 4 pM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K. The spectra (2—6) were obtained
by subtracting the absorption contribution of respective free LAP
from the absorption spectra of LAP-HSA mixtures.
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Figure 4.19 S:

(A) Uncorrected UV-vis absorption spectra of HSA (20 uM) in the
absence (spectrum 1) and presence (spectra 2-6) of increasing LAP
concentrations (4-20 uM with 4 uM intervals), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 298 K. (B) The spectra (1-5) were
obtained with increasing LAP concentrations (4-20 pM with 4 uM
intervals).
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complex formation. Therefore, involvement of static quenching mechanism can be
confirmed by the change in the absorption spectrum of HSA upon LAP addition, which

suggested the formation of LAP-HSA complex.

4.2.6  LAP-induced structural / microenvironmental changes in HSA

Similar to VDB-HSA system, structural (secondary and tertiary structures)
alterations and microenvironmental perturbations around Trp and Tyr residues in HSA
upon LAP binding were studied using circular dichroism and 3-D fluorescence

spectroscopy, respectively.

4.2.6.1 Far-UV and near-UV CD spectra

Figures 4.20 and 4.21 show the influence of LAP binding on the far-UV and the
near-UV CD spectra of HSA, respectively. As can be seen from Figure 4.20, presence
of LAP in the incubation mixture produced significant alteration in the far-Uv CD
spectrum of HSA, which was characterized by the presence of two minima at 208 nm
and 222 nm, spectral signals for a—helical structure (Reed et al., 1975). Quantitatively,
about 13.5 % decrease in the MRE;2; nm value was noticed at 1:1 [LAP]:[HSA] molar
ratio, suggesting alteration in protein’s helical content due to LAP-HSA complex
formation.

Similar to the far-UV CD spectra, the near-UV CD spectra also showed significant
variation in the presence of LAP (Figure 4.21). Significant reduction in the spectral
signals at 262 nm, 268 nm, 278 nm and 292 nm, occurring due to aromatic
chromophores (Dockel et al., 2000) clearly suggested alteration in the protein’s tertiary

structure in the presence of LAP, thus implying LAP-HSA complex formation.

4.2.6.2 Three-dimensional fluorescence spectra
Figure 4.22 shows 3-D fluorescence spectra and corresponding contour maps of free

HSA (A) and [LAP]:[HSA] (1:1) mixture (B). The fluorescence spectral characteristics
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Figure 4.20: Far-UV CD spectra of HSA (2 uM) and LAP-HSA (1:1) mixture.
The CD spectra were recorded using a 1 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.21: Near-UV CD spectra of HSA (8 uM) and LAP-HSA (1:1) mixture.
The CD spectra were recorded using a 10 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.22:

Three-dimensional fluorescence spectra and corresponding contour
maps of (A) HSA (3 uM) and (B) LAP-HSA (1:1) mixture. The
spectra were recorded in 60 mM sodium phosphate buffer, pH 7.4 at
298 K.
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I.e., peak position (Aex / Aem) and peak intensity are summarized in Table 4.7. Peaks ‘@’
and ‘b’ arise due to the first order Rayleigh scattering (Aex = Aem) and the second order
scattering (2Aex = Aem), respectively (Lakowicz, 2006) and are commonly observed in
the 3-D fluorescence spectra of HSA (Feroz et al., 2013; Madrakian et al., 2014).
Besides these scattering peaks, two additional peaks (‘1’ and ‘2”) were noticed in the 3-
D fluorescence spectra of HSA. On the other hand, 3-D florescence spectra of
LAP-HSA system showed three (3-5) additional peaks. Peaks ‘1’ (Aex = 280 nm) and
‘2’ (Aex = 230 nm) mainly revealed the spectral characteristics of Trp and Tyr residues
and provided information about the tertiary structure of HSA. Appearance of peaks ‘3’
(Rex = 260 nm), ‘4’ (Aex = 300 nm) and ‘5" (Aex = 340 nm) in the 3-D fluorescence
spectra of the LAP-HSA system can be ascribed to the fluorescence characteristics of
LAP-HSA complex. A significant decrease in the fluorescence intensity along with a
shift in the emission maximum of peaks ‘1’ (~ 38 %, 2 nm blue shift) and ‘2’ (~ 64 %, 5
nm blue shift), observed in the presence of LAP clearly suggested microenvironmental

changes around Trp and Tyr residues of HSA due to LAP binding.

4.2.7  Thermal stabilization of HSA

In order to study the effect of LAP binding on the thermal stability of HSA,
temperature-dependent titrations were performed in the temperature range, 298-353 K
with 5 K intervals in the absence and presence of LAP. Figure 4.23 shows the influence
of temperature on the fluorescence intensity of free as well as ligand-bound HSA
([LAP]:[HSA] = 2:1) at 343 nm. Increase in temperature led to a linear decrease in the
fluorescence intensity at 343 nm of HSA up to 338 K and sloped off thereafter. No
significant difference was noticed in the fluorescence spectral signals of HSA and
LAP-HSA complex up to 328 K, beyond which presence of LAP in the incubation
mixture improved the relative fluorescence intensity of HSA by showing lesser change

in the fluorescence intensity with temperature compared to that observed with free
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Table 4.7:

and LAP-HSA system at 298 K, pH 7.4.

Peak Position

[Xex/ dem (nm/nmM)]

Three-dimensional fluorescence spectral characteristics of HSA (3 uM)

Intensity

HSA <

[LAP]:[HSA] = 1:1 <

230/230—350/350

250/500

280/338

230/334

230/230—350/350

250/500

280/336

230/329

260/424

300/424

340/424

18.51—100.81

107.12

350.41

154.59

16.81—274.12

142.93

215.47

55.99

252.12

208.33

175.05
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Figure 4.23:

Thermal stability profiles of HSA (3 pM) and LAP-HSA (2:1)
mixture in the temperature range, 298-353 K with a regular
increments of 5 K, as monitored by fluorescence intensity

measurements at 343 nm (Flss3 nm), In 60 mM sodium phosphate
buffer, pH 7.4.
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HSA. These results suggested LAP-induced thermal stabilization of HSA through
LAP-HSA complex formation due to the coupling of binding and unfolding equilibria

(Celej et al., 2003; Shrake & Ross, 1988).

4.2.8 Influence of metal ions on LAP-HSA interaction

The study on the interference of metal ions with LAP-HSA interaction is crucial as
metal ions are able to interact with the protein and may affect the interaction of LAP
with HSA (Cheng et al.,, 2013; Lin et al., 2014). Therefore, LAP-HSA titration
experiments were carried out in the absence and the presence of a fixed concentration
(50 pM) of Ca®*, Mg?*, Zzn*, Cu**, Ba®* and Mn** and the binding constant, K, values
were determined (Table 4.8). Presence of these metal ions showed smaller but
significant decrease in the binding constant of LAP-HSA complex, being more
significant in the presence of Mn?* and Ba?*, suggesting conformational perturbation in
the vicinity of the drug binding site on HSA. Such decrease in the K, value would
shorten the storage time of the drug in the blood plasma and weaken the maximum

effectiveness of the drug (Cui et al., 2004; Kalanur et al., 2010; Wang et al., 2011).

4.2.9 Location of LAP binding site
Identification of the binding locus of LAP on HSA was made using competitive

ligand displacement experiments with site markers and molecular docking analysis.

4.2.9.1 LAP-induced site marker displacement

The binding site specificity of LAP on HSA was investigated using marker ligands
for these sites, viz., PBZ (site 1), DZM (site 1), HMN and DGT (site Ill). Figures
4.24-4.27 show titration results obtained with free as well as site marker-bound HSA
with increasing LAP concentrations. Although a gradual decrease in the fluorescence
intensity at 343 nm (Flss3nm) Of HSA and site marker-HSA complexes was noticed with

increasing LAP concentrations, the decrease was less pronounced with site marker-
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Table 4.8:

Ka values of LAP-HSA interaction in the absence and presence of
different metal ions (50 uM) at 298 K, pH 7.4.

Metal lons Ka (x 10° M)

1.29 +0.05

Mg?
ca?t
Mn2*
cu?
7n2t

Ba2+

1.07£0.11

1.08 + 0.07

0.86 £ 0.17

1.10+0.08

1.03+0.10

0.96 +0.14
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Figure 4.24:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flzs3nm) of HSA (3 pM) and PBZ-HSA (2:1) mixture with
increasing concentrations (0-6.0 uM with 0.5 uM intervals) of LAP.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.25:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flza3nm) of HSA (3 uM) and DZM-HSA (2:1) mixture with
increasing concentrations (0-6.0 uM with 0.5 uM intervals) of LAP.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.26:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flzs3 nm) of HSA (3 pM) and HMN-HSA (2:1) mixture with
increasing concentrations (0-6.0 uM with 0.5 uM intervals) of LAP.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.27:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Fl343nm) Of HSA (3 uM) and DGT-HSA (2:1) mixture with
increasing concentrations (0-6.0 uM with 0.5 uM intervals) of LAP.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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bound HSA compared to HSA alone. A comparison of the differences in the
fluorescence intensity values, observed between free HSA and site marker-bound HSA
shows major distinctions with HMN- (Figure 4.26) and DGT- (Figure 4.27) bound
systems. In view of these results, it seems that HMN or DGT offered significant
protection against LAP binding to HSA, suggesting a common binding site for these
ligands. In other words, binding site IlI, located in subdomain IB appears to be the
preferable LAP binding site on HSA. Since a lesser difference in the fluorescence
intensity was noticed with both PBZ- (Figure 4.24) and DZM- (Figure 4.25) bound
systems, binding of LAP to Sudlow’s site I and site Il cannot be completely ruled out.
Furthermore, data obtained from Figures 4.24-4.27 were treated according to Eqg. (5)
and double logarithmic plots, thus obtained with HSA and site marker—HSA complexes
are shown in Figure 4.28. Values of the binding constant (K;) for LAP-HSA system in
the absence and presence of site markers, as determined from the double logarithmic
plots (Figure 4.28) are summarized in Table 4.9. A comparison of these values with the
K, value (1.30 + 0.07 x 10° M™), obtained in the absence of PBZ, DZM, HMN and
DGT clearly suggested significant decrease in the K, value (Table 4.9) in the presence
of HMN or DGT than that observed in the presence of PBZ or DZM. These results
further manifested competition between LAP and HMN or DGT for the same binding
site on HSA. Therefore, site 11l is supposed to be the favored LAP binding locus in
HSA. Our competitive ligand displacement results were well supported by the

molecular docking analysis.

4.2.9.2 Molecular docking analysis

Since LAP showed a binding preference for the binding site 111 (subdomain IB) of
HSA as described in the section 4.2.9.1, a site-specific molecular docking analysis was
made to validate the results of the competitive ligand displacement experiments. The

binding mode of LAP was predicted for the three drug binding sites, namely, sites I, Il
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Figure 4.28: Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
LAP-HSA system in the absence and presence of different site
markers, i.e., PBZ, DZM, HMN and DGT, obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 298 K (Figures 4.24-4.27).
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Table 4.9:

Ka values of LAP-HSA interaction in the absence and presence of site
markers, obtained at 298 K, pH 7.4.

Site Marker Ka (x 10°M™)

1.30 £ 0.07

PBZ

DZM

HMN

DGT

0.73+0.08

0.93 +0.05

0.45+0.09

0.57 +£0.04
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and 111, which are located at subdomains 1A, I11A (Sudlow et al., 1975) and 1B (Kragh-
Hansan, 1985), respectively, of HSA. Cluster analysis, performed for all the three
binding sites (Figure 4.29) using a RMSD tolerance of 2.0 A yielded a total of 93, 93
and 79 multimember conformational clusters from 100 docking runs for binding sites I,
I1 and 111, respectively. The lowest binding energy was found with site Il at a value of
— 40.03 kJ mol™, while the values of the lowest binding energy with site | and site Il
were calculated as —30.50 and —22.18 kJ mol™, respectively. The highest populated
clusters for site | and site 11 had 3 members each out of 100 conformations, whereas a 6
member cluster was found with site I11. Nevertheless, the highest populated cluster with
any of the sites was not the most energetically (- 40.03 kJ mol™) favorable cluster
(Figure 4.29). Docking results revealed that LAP showed a binding preference for the
drug binding site 11 of HSA with more favorable docking conformer than the one in
either site | or site 1l. Hence, site-specific marker displacement results discussed in
Section 4.2.9.1 were well supported by the docking analysis.

In view of the large chemical structure of LAP, the predicted binding model with the
lowest docking energy for the binding sites I, 1l and 11l was then used for binding
orientation analysis (Figure 4.30). The binding site (defined by the amino acid residues
within 5 A distance to the ligand) | was found to be deep inside the protein structure and
was mostly located in a hydrophobic cleft, lined by the following amino acid residues:
Tyr-150, Glu-153, Lys-195, GIn-196, Lys-199, Trp-214, Arg-218, Leu-219, Arg-222,
Phe-223, Leu-238, Val-241, His-242, 1le-290, Ala-291 and Glu-292. The LAP-HSA
complex formation at binding site 11 involved 12 amino acid residues, namely, GIn-390,
Ala-406, Val-409, Arg-410, Tyr-411, Lys-413, Lys-414, Leu-491, Glu-492, Val-493,
Asp-494 and Thr-540. Interestingly, formation of LAP-HSA complex at site Il
engaged 25 amino acid residues, viz., Asn-109, Pro-110, Asn-111, Leu-112, Pro-113,

Arg-114, Leu-115, Val-116, Arg-117, Met-123, Phe-134, Lys-137, Thr-138, Glu-141,
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Figure 4.29: Cluster analysis of the docking of LAP to three different binding
sites, viz., I (A), Il (B) and 11l (C) of HSA crystal structure (1BMO).
The results were obtained from a total of 100 runs for each binding
site.
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Figure 4.30: Predicted binding orientation of the lowest docking energy
conformation of LAP (ball-and-stick rendered) in the binding sites I
(subdomain 11A), Il (subdomain I11A) and Il (subdomain IB) of
HSA (1BMO) (B). Different domains of HSA, namely, I, Il and Il
are shown in red, blue and green, respectively. The enlarged views
show the hydrogen bonds (green lines) formed between amino acid
residues (rendered in yellow ball and stick) and LAP in the binding
site I (C), Il (A) and 111 (D) of HSA.
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lle-142, Arg-145, His-146, Phe-149, Phe-157, Tyr-161, Leu-182, Leu-185, Arg-186,
Gly-189 and Lys-190.

As illustrated in red in the LigPlot+ diagrams (Figure 4.31), hydrophobic amino acid
residues mostly encompassed the three binding sites of HSA and they might have
contributed towards the stability of the ligand—-HSA complex through hydrophobic
interactions. However, presence of several polar amino acid residues within the
proximity of the bound ligand indicated that the interactions between the LAP and HSA
at these sites cannot be presumed to be exclusively hydrophobic in nature. Furthermore,
in the LAP-HSA complex docking conformation at site Ill, one hydrogen bond was
predicted involving the hydrogen atom of Tyr-161 and the oxygen atom of LAP (Figure
4.30; Table 4.10). On the other hand, at the binding sites | and Il, two and one hydrogen
bonds, respectively, were also formed (Figure 4.30; Table 4.10). Hence, it can be
concluded that LAP binds preferably to the hemin binding site, located in subdomain 1B
involving both hydrophobic interactions and hydrogen bonding. These docking results
were in line with our thermodynamic analysis of the binding reaction, implying
involvement of both hydrophobic interactions and hydrogen bonding in LAP-HSA
complex formation.

In conclusion, the results obtained from the LAP-HSA interaction studies
demonstrated intermediate binding affinity and the involvement of hydrophobic
interactions as well as hydrogen bonding in the binding reaction. Both secondary and
tertiary structural changes in HSA along with increased thermal stability were noticed
upon LAP binding. Presence of metal ions was found to decrease the binding affinity
between LAP and HSA. Site Ill, located in subdomain 1B of HSA was suggested as the

preferred LAP binding site on HSA.
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Figure 4.31:

LigPlot+ diagram of LAP (purple lines) and the amino acid residues
of HSA at three different binding sites | (A), 11 (B) and Il (C). The
residues indicate the presence of hydrophobic interactions with LAP.
Hydrogen bonds of LAP and HSA are rendered with dashed green
lines.

119



Table 4.10: Predicted hydrogen bonds between interacting atoms of the amino acid
residues of HSA (1BMO) and LAP at sites I, Il and 111.

HSA Binding Site HSA Atom LAP Atom Distance (A)
Site | Arg222:HH2 O (Oxacyclopentane) 2.170
Arg257:HH2 N (Pyrimidine) 2.241
Site 11 Lys414:HZ3 O (Sulfonyl) 2.119
Site 111 Tyri61:HH O (Sulfonyl) 1.721
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4.3 GEF-HSA interaction

Interaction between GEF, a tyrosine kinase inhibitor and HSA was also studied using

fluorescence spectroscopy.

4.3.1  Fluorescence spectra

The fluorescence spectra of HSA in the absence and presence of increasing GEF
concentrations are displayed in Figure 4.32. The fluorescence spectrum of HSA showed
an emission maximum at 343 nm due to the presence of the lone Trp-214 residue at
subdomain A of HSA (Sulkowska, 2002). Addition of increasing GEF concentrations
led to significant quenching in the protein’s fluorescence along with red shift in the
emission maximum in a concentration dependent manner (Figure 4.32). It is important
to note that free GEF did not produce any fluorescence in this wavelength range (Figure
4.32). About 45 % quenching in the fluorescence intensity at 343 nm (inset of Figure
4.32) and 15 nm red shift in the emission maximum, observed at the highest GEF
concentration (50 uM) clearly suggested the binding of GEF to HSA. Occurrence of the
red shift in the emission maximum can be ascribed to the change in the
microenvironment around lone Trp residue from nonpolar to polar (II’ichev et al.,
2002). On the other hand, a variety of molecular processes such as excited-state
reactions, molecular rearrangements, energy transfer, ground-state complex formation
and collisional quenching may be responsible for the observed quenching of the protein
fluorescence upon ligand binding (Lakowicz, 2006). Several earlier reports have shown
guenching of HSA fluorescence upon drug binding with red shift in the emission

maximum (Saeidifar et al., 2015; Trnkova et al., 2011; Tu et al., 2015).

4.3.2  Mechanism of fluorescence quenching

Titration of HSA with increasing concentrations of GEF was performed at three
different temperatures, i. e., 288 K (Figure 4.32), 303 K and 318 K (Figure 4.32S).
Analysis of the fluorescence quenching data obtained at three different temperatures

121



Figure 4.32:

Fluorescence spectra of HSA (3 pM) in the absence (spectrum 1)
and presence (spectra 2-11) of increasing GEF concentrations
(5-50 uM with 5 pM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 288 K upon excitation at 295 nm. The
fluorescence spectrum of free GEF (50 uM) is shown with dotted
line. The inset shows the decrease in the relative fluorescence
intensity of HSA at 343 nm (Flsss nm) With increasing GEF/HSA
molar ratios.
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Figure 4.32 S:

Fluorescence spectra of HSA (3 uM) in the absence (spectrum 1) and
presence (spectra 2-11) of increasing GEF concentrations (5-50 uM
with 5 pM intervals), obtained in 60 mM sodium phosphate
buffer, pH 7.4 at (A) 303 K and (B) 318 K upon excitation at 295 nm.
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according to Eq. (3) yielded the Stern-Volmer plots, as shown in Figure 4.33. These
plots exhibited good linearity with a correlation coefficient (r) > 0.997 throughout the
GEF concentrations used. Values of the Stern-Volmer constant, Ksy were obtained from
the linear regression analysis of the above plots and are listed in Table 4.11. The
guenching constant, Ksy is expected to decrease with increasing temperature for static
quenching, while the reverse trend characterizes dynamic quenching (Lakowicz, 2006).
As can be seen from the Table 4.11, value of Ksy significantly decreased with increasing
temperature, thus indicating the characteristic of static quenching. Therefore, the
observed quenching in the protein’s fluorescence upon GEF addition seems to be the
result of GEF-HSA complex formation. Furthermore, kq values (Table 4.11), obtained
at three different temperatures using Eq. (4) for the GEF-HSA system were

s reported for the maximum

significantly higher than the value of 2 x 10 M
dynamic quenching constant for the association of various quenchers and the
fluorophore in a bimolecular complex (Ware, 1972). Therefore, it can be concluded that

the quenching mechanism involved in the GEF-HSA system was initiated by static

rather than dynamic quenching process.

4.3.3  Binding affinity

Figure 4.34 shows double logarithmic plots for the binding of GEF to HSA at
different temperatures, as obtained after treatment of the fluorescence quenching data
according to Eqg. (5). The values K, for the GEF-HSA system at three different
temperatures, as retrieved from these plots are included in Table 4.11. Since the K,
value for the GEF-HSA system was found to remain in the range of 1.70-1.25 x 10°
M™, it indicated a moderate binding affinity between GEF and HSA. Such moderate
binding affinity is beneficial for the efficient transport of the drug and its subsequent
release at its target site. As can be seen from Table 4.11, K, value of the GEF-HSA

system showed a decreasing trend with increasing temperature due to decomposition of
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Figure 4.33: Stern-Volmer plots for the fluorescence quenching data of the
GEF-HSA system, obtained at three different temperatures,
i.e., 288 K, 303 K and 318 K.
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Table 4.11:  Quenching and binding parameters for GEF-HSA interaction, studied at
three different temperatures, pH 7.4.

T (K) Ksy (M™) kg (M s Ka (MY
288 (1.60 + 0.03) x 10° (2.51 + 0.09) x 10*2 (1.70 £ 0.07) x 10°
303 (1.36 £ 0.07) x 10° (2.13 + 0.06) x 10* (1.43 £ 0.04) x 10°
318 (1.19 + 0.06) x 10° (1.87 +0.08) x 102 (1.25 + 0.08) x 10°
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Figure 4.34: Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+1] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
GEF-HSA system, obtained at three different temperatures,
i.e., 288 K, 303 K and 318 K.
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the GEF-HSA complex at higher temperatures. Several published reports on the
binding of various drugs to HSA have shown moderate affinity (Shahabadi et al., 2016;

Tunc et al., 2013b; Wang et al., 2015).

4.3.4 Interaction forces

In view of the temperature dependence of the binding constant, ligand-protein
interaction seems to be a thermodynamic process (Wang et al., 2011). Figure 4.35
shows linear van’t Hoff plot for GEF-HSA interaction. Values of AH and AS, as
obtained from the slope and the intercept, respectively, of the van’t Hoff plot along with
the AG values at three different temperatures are listed in Table 4.12. Whereas, the
negative sign of AG value showed spontaneous nature of the binding reaction at all
temperatures, negative value of AH revealed that formation of GEF-HSA complex was
an exothermic process. In view of the positive AS value and negative AH value,
obtained for GEF-HSA system, hydrophobic interactions along with hydrogen bonds
and van der Waals forces seem to favor the stabilization of GEF-HSA complex (Li et
al., 2007; Ross & Subramanian, 1981). Absence of charged group in the GEF molecule
and the negative AH value, obtained in this study excluded the participation of
electrostatic interactions in the stabilization of GEF-HSA complex (Ross &
Subramanian, 1981). It is feasible to account more than one intermolecular binding
forces for ligand—protein interactions (Ross & Subramanian, 1981).  Thus,
thermodynamic data clearly revealed hydrophobic interactions, van der Waals
interactions and hydrogen bonds as the major stabilizing forces in the GEF-HSA
complex formation. This was further supported by our molecular docking results, as

described in Section 4.3.9.2.
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Figure 4.35: The van’t Hoff plot for GEF-HSA interaction. Values of K, were
obtained from the double logarithmic plots, displayed in Figure 4.34.
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Table 4.12:  Thermodynamic parameters for GEF-HSA interaction, studied at three
different temperatures, pH 7.4.

AS (I mol™ K™ AH (kJ mol™) AG (kJ mol™)
288 ~23.32
303 + 54,06 ~7.74 ~24.13
318 —24.94
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4.3.5  Absorption spectra

In order to confirm the complex formation between GEF and HSA, UV-vis
absorption spectra of HSA were studied in the absence (spectrum 1) and presence
(spectra 2-11) of increasing (5-50 puM with 5 uM intervals) GEF concentrations
(Figure 4.36). These changes in the UV absorption spectra of the protein at respective
GEF concentrations were obtained by subtracting the spectra of the pure GEF solutions
(Figure 4.36S(B)) from the spectra of GEF-HSA mixtures (Figure 4.36S(A)).
Significant change in the absorbance value of HSA at 280 nm upon GEF addition
suggested microenvironmental perturbations around the protein chromophores due to
the complex formation between GEF and HSA. Absorption spectrum of free GEF was
characterized by the presence of a peak at 332 nm (Figure 4.36S). Increase in the
absorbance value at 332 nm with increasing GEF concentrations was also noticed,
which was suggestive of the complex formation between GEF and HSA. Such changes
in the absorption spectrum of HSA in the presence of GEF supported the involvement

of static quenching mechanism in GEF-HSA system.

4.3.6  GEF-induced structural / microenvironmental changes in HSA
Circular dichroism and 3-D fluorescence spectroscopy were employed to study GEF-
induced structural (secondary and tertiary  structures) alterations and

microenvironmental perturbations around Trp and Tyr residues, respectively, in HSA.

4.3.6.1 Far-UV and near-UV CD spectra

Alterations in the secondary and the tertiary structures of HSA in the presence of
GEF were evident from the far-UV CD (Figure 4.37) and the near-UV CD (Figure 4.38)
spectra of the protein, respectively. Presence of the o—helical structure in HSA was
reflected from the appearance of two minima at 208 nm and 222 nm in the far-Uv CD

spectrum (Reed et al., 1975), as shown in Figure 4.37. Binding of GEF to HSA in 1:1
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Figure 4.36:

UV-vis absorption spectra of HSA (15 uM) in the absence (spectrum
1) and presence (spectra 2-11) of increasing GEF concentrations
(5-50 puM with 5 pM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K. The spectra (2-11) were obtained
by subtracting the absorption contribution of respective free GEF
from the absorption spectra of GEF-HSA mixtures.
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Figure 4.36 S:

(A) Uncorrected UV-vis absorption spectra of HSA (15 puM) in the
absence (spectrum 1) and presence (spectra 2-11) of increasing GEF
concentrations (5-50 uM with 5 pM intervals), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 298 K. (B) The spectra (1-10)
were obtained with increasing GEF concentrations (5-50 pM with
5 UM intervals).
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Figure 4.37: Far-UV CD spectra of HSA (3 uM) and GEF-HSA (1:1) mixture.
The CD spectra were recorded using a 1 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.38: Near-UV CD spectra of HSA (10 uM) and GEF-HSA (1:1) mixture.
The CD spectra were recorded using a 10 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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molar ratio induced significant change in the far-UV CD spectrum of HSA (Figure
4.37), thus suggesting secondary structural changes in the protein.

The near-UV CD spectrum of HSA (Figure 4.38) was characterized by the spectral
features due to aromatic chromophores and disulfide bonds present in the protein (Lee
& Hirose, 1992). Appearance of two minima around 263 nm and 269 nm and shoulders
around 282 nm and 291 nm characterized the near-UV CD spectrum of HSA (Figure
4.38). Significant alteration in the near-UV CD spectrum of HSA was observed in the

presence of GEF, suggesting tertiary structural changes in HSA due to GEF binding.

4.3.6.2 Three-dimensional fluorescence spectra

Although knowledge of GEF-induced microenvironmental perturbations around Trp-
214 was evident from the fluorescence spectra (Figure 4.32), greater insights about
these changes can be achieved by studying the 3-D fluorescence spectra of HSA in the
presence of GEF. The 3-D fluorescence spectra and corresponding contour maps of
HSA (A) and GEF-HSA mixture ([GEF]:[HSA] = 5:1) (B) are shown in Figure 4.39,
while spectral characteristics are listed in Table 4.13. Besides two small scattering
peaks, i.e., peak ‘a’ and peak ‘b’, two strong fluorescence peaks, viz., peaks ‘1’ and ‘2,
due to Tyr and Trp residues of the protein, as discussed in Section 4.1.6.2 and 4.2.6.2
were present in the 3-D fluorescence spectra of HSA (Figure 4.39). A comparison of the
3-D fluorescence spectral characteristics of HSA in the absence and presence of GEF (5
molar excess) showed ~ 28 % reduction in the intensity along with 16 nm red shift in
the emission maximum of peak ‘1’ and ~ 76 % reduction in the intensity along with 12
nm red shift in peak ‘2’ (Table 4.13). Such changes in the fluorescence spectral
characteristics clearly indicated microenvironmental perturbation (from nonpolar to

polar) around Trp and Tyr residues of HSA.
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Figure 4.39:

Three-dimensional fluorescence spectra and corresponding contour
maps of (A) HSA (3 uM) and (B) GEF-HSA (5:1) mixture. The
spectra were recorded in 60 mM sodium phosphate buffer, pH 7.4 at
298 K.
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Table 4.13:  Three-dimensional fluorescence spectral characteristics of HSA (3 uM)
and GEF-HSA system at 298 K, pH 7.4.

Peak Position

[Xex/ Aem (nm/nmM)]

Intensity

HSA

[GEF]:[HSA] = 5:1

230/230—350/350

250/500

280/337

230/335

230/230—350/350

250/500

280/353

230/347

16.44—88.91

89.28

361.02

114.41

14.70—75.92

40.55

261.10

27.74
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4.3.7  Thermal stabilization of HSA

Figure 4.40 shows the influence of temperature on the fluorescence intensity at
343 nm (Flss3 nm) of HSA as well as [GEF]:[HSA] (10:1) mixture in the temperature
range, 298-353 K. HSA showed a gradual decrease in Flsss nm With the increase in
temperature. Interestingly, lesser decrease in the Flss3 nm Was noticed in the presence of
GEF at higher temperatures (> 318 K) compared to that observed in its absence. These
results clearly suggested significant protection of HSA against temperature-induced
structural changes at higher temperatures. Such changes in the fluorescence intensity
can be explained by coupling of binding and unfolding equilibria (Celej et al., 2003;
Shrake & Ross, 1988). Several earlier reports have shown ligand-induced thermal

stabilization of HSA (Ajloo et al., 2007; Pico, 1997).

4.3.8 Influence of metal ions on GEF-HSA interaction

Presence of some common metal ions, viz., Ba**, Cu**, Mn?*, Zn?*, Ca?*, K* and
Mg?" in the blood plasma might affect the binding of a drug to the protein (Sancataldo et
al., 2014). The interference of these common ions with GEF-HSA interaction was
investigated by determining the K, values of GEF-HSA binding reaction in the absence
and presence of these metal ions (100 uM). As shown in Table 4.14, both increase and
decrease in the K, value was noticed in the presence of these metal ions. Whereas, K*
and Mg?* produced slight increase in the K, value, decrease in the K, was observed in
the presence of Ba**, Cu?*, Mn®" and Zn** ions. These results clearly suggested some
influence of metal ions on the binding of GEF to HSA, which may prolong and / or
weaken the storage time of the drug in plasma. Therefore, it is important to adapt the
dose of the drug in the presence of these ions to achieve the desired therapeutic effect

(Cheng et al., 2013; Wang et al., 2011).
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Figure 4.40:

Thermal stability profiles of HSA (3 uM) and GEF-HSA (10:1)
mixture in the temperature range, 298-353 K with a regular
increments of 5 K, as monitored by fluorescence intensity

measurements at 343 nm (Flss3 nm), In 60 mM sodium phosphate
buffer, pH 7.4.
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Table 4.14: Ka values of GEF-HSA interaction in the absence and presence of
different metal ions (100 uM) at 298 K, pH 7.4.

Metal lon Ka (x 10°M™)

- 1.53 +0.04
Mg 2.10+0.17

K* 1.91+0.13
Ca** 1.69 +0.08
Mn?* 1.08 +0.09
cu® 1.02 + 0.07
Zn?* 1.16 £ 0.10
Ba** 0.79 £ 0.08
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4.3.9 Location of GEF binding site
Both competitive ligand displacement experiments with site markers and molecular
docking analysis were employed to probe the preferred location of the GEF binding site

on HSA.

4.3.9.1 GEF-induced site marker displacement

Three site markers, used to investigate the preferred location of the GEF binding site
on HSA were IDM, KTN and HMN for sites I, 1l and Ill, respectively. The titration
results of HSA and site marker (IDM / KTN / HMN)-HSA (1:1) mixture with
increasing concentrations (0-50 uM with 5 pM intervals) of GEF are shown in Figures
4.41-4.43. Whereas, a gradual decrease in the fluorescence intensity at 343 nm
(Flzsz nm) of HSA and site marker-HSA mixtures was observed with increasing
concentrations of GEF, relatively lesser decrease was noticed with site marker-bound
HSA compared to free HSA. A comparison of the quenching patterns observed with site
marker-HSA mixtures showed greater difference in between the extents of GEF-
induced quenching in the fluorescence intensity of HSA and HMN-HSA mixture
(Figure 4.43), compared to that produced by IDM-HSA (Figure 4.41) or KTN-HSA
(Figure 4.42) mixtures. Therefore, HMN appeared to offer significant resistance against
GEF-induced quenching of HSA fluorescence (Figure 4.43), thus, implying site Il as
the preferred binding locus of GEF on HSA.

Treatment of the fluorescence quenching titration results of HSA and its complexes
with different site markers with increasing GEF concentrations (Figures 4.41-4.43)
according to Eq. (5) yielded the double logarithmic plots, as shown in Figure 4.44. In
order to compare the influence of site markers on the binding of GEF to HSA, values of
Ka, Obtained in the absence and presence of site markers (IDM / KTN / HMN) were
determined. As can be seen from the Table 4.15, decrease in the K, value for GEF-HSA

interaction was significantly higher in the presence of HMN, compared to that observed
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Figure 4.41:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Fls43nm) of HSA (3 uM) and IDM-HSA (1:1) mixture with
increasing concentrations (0-50 uM with 5 uM intervals) of GEF.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.42:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Fls43nm) Of HSA (3 uM) and KTN-HSA (1:1) mixture with
increasing concentrations (0-50 uM with 5 uM intervals) of GEF.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.
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Figure 4.43:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flzs3 nm) of HSA (3 pM) and HMN-HSA (1:1) mixture with
increasing concentrations (0-50 uM with 5 uM intervals) of GEF.
The experiments were carried out in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K.

145



Figure 4.44:

Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
GEF-HSA system in the absence and presence of different site
markers, i.e., IDM, KTN and HMN, obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K (Figures 4.41-4.43).
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Table 4.15: Ka values of GEF-HSA interaction in the absence and presence of site
markers, obtained at 298 K, pH 7.4.

Site Marker Ka (x 10*M™)

- 1.53+0.04
IDM 1.35+0.08
KTN 1.10 + 0.07
HMN 0.29 +0.03
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with KTN / IDM-bound HSA. In other words, presence of HMN, which is known to
bind to site Ill, located in subdomain IB, significantly affected the binding of GEF to
HSA. These results clearly suggested site 11l as the preferred GEF binding site on HSA.
Furthermore, these results were in line with our molecular docking analysis, as

discussed in the Section 4.3.9.2.

4.3.9.2 Molecular docking analysis

Computational modeling analysis allows elucidation of the most favored binding
mode of the ligand to the binding site at atomic resolution. In docking analysis, GEF
was set to be flexible with 8 torsional degrees of freedom due to rotatable bonds.
Estimated free energy of binding was computed for each binding mode based on a semi-
empirical force field with evaluated energy terms such as electrostatic interaction,
torsional entropy, hydrophobic interaction and others. A comparison of the binding
modes in three binding sites showed more favorable binding of GEF to site 11l (Figure
4.45). As shown in Figure 4.45, 10 clusters constituted by 40 out of 100 binding modes
I—l

exhibited mean binding energy lower than — 29.3 kJ mol™ in binding site 111. However,

most of the binding mode clusters in binding sites | and Il possessed mean binding
energy > — 29.3 kJ mol™. Therefore, the binding site 111 of HSA was the preferred
binding site of GEF, as suggested by cluster analysis.

The best-scored binding mode from the cluster with the lowest binding energy in the
binding site 111 was selected for subsequent analyses (Figure 4.46). The binding energy
of the GEF docked to the binding site Il was computed to be at — 36.4 kJ mol™. At the
binding site 111, GEF docked to a hydrophobic pocket walled by 21 amino acid residues
within 5 A: Leu-115, Val-116, Arg-117, Pro-118, Met-123, Phe-134, Lys-137, Tyr-138,
Glu-141, lle-142, His-146, Phe-149, Phe-157, Tyr-161, Lys-181, Leu-182, Asp-183,
Leu-185, Arg-186, Gly-189 and Lys-190. Hydrophobic interactions would be a major

factor that stabilize the complex of GEF-HSA through Phe-134, Tyr-138, Leu-182 and
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Figure 4.45: Cluster analysis of the docking of GEF to three different binding
sites, viz., | (A), Il (B) and 11l (C) of HSA crystal structure (1BMO).
The results were obtained from a total of 100 runs for each binding
site.
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Figure 4.46: Predicted binding orientation of the lowest docking energy
conformation of GEF (rendered in sticks) in the binding site IlI
(subdomain IB) of HSA (1BMO0). Different domains of HSA,
namely, I, Il and IIl are shown in green, sky blue and red,
respectively. The enlarged view shows the hydrogen bond (black
line) formed between GEF and side chain of Tyr-138 (rendered in
yellow stick).
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Leu-185 in proximity (Figure 4.47). However, the interaction between GEF and HSA
cannot be presumed to be exclusively hydrophobic in nature; as there were several polar
residues in the proximity of the bound ligand that may participate in polar interactions
with the hydrophilic groups of GEF. One hydrogen bond was predicted between
hydroxyl group of Tyr-138 and amine group of GEF with bond distance of 1.92 A
(Figure 4.46). Therefore, our docking simulation predicted the binding preference of
GEF for the binding site Ill, located in subdomain IB of HSA, involving both
hydrophobic interactions and hydrogen bonds in the GEF-HSA complex formation.
Some of the molecular modeling results are not comprehensively visible using
LigPlot+. Therefore, mesh surface representation of GEF and amino acid residues of
HSA are presented for GEF-HSA interaction. These docking results were consistent

with our competitive site marker displacement results as shown in Section 4.3.9.1.

In conclusion, molecular characterization of the binding of GEF to HSA was made in
terms of the binding affinity (K, = 1.43 x 10* M at 25 °C), thermodynamic data (AH =
—7.74 kI mol * and AS = +54.06 J mol * K™, interaction forces involved (hydrophobic
interactions and hydrogen bonds), change in the protein’s secondary and tertiary
structures as well as microenvironmental perturbations around protein fluorophores
upon drug binding. GEF binding to HSA improved thermal stability of the protein and
site 111 (subdomain I1B) was identified as the GEF binding site on HSA. A few common

ions were also found to interfere with the GEF-HSA interaction.
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Figure 4.47: Mesh surface representation of GEF and the amino acid residues of
HSA with their molecular surface at binding site Ill. The residues
indicate the presence of hydrophobic interactions with GEF (colored
in yellow). Hydrogen bond of GEF and HSA is rendered with dashed
red line.
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4.4 SU-HSA interaction

Fluorescence spectroscopy was also employed to study the binding of another

tyrosine kinase inhibitor, SU to HSA.

4.4.1  Fluorescence spectra

Figure 4.48 shows the fluorescence spectra of HSA in the absence and presence of
increasing SU concentrations. Appearance of the emission maximum at 343 nm in the
fluorescence spectrum of HSA due to Trp-214 and gradual loss in the fluorescence
intensity at 343 nm upon addition of increasing SU concentrations characterized the
titration results. No significant shift in the emission maximum was noticed throughout
the titration. Such decrease in the fluorescence intensity of HSA upon SU addition
might be occurred as a result of microenvironmental perturbations around Trp-214,
which seems possible due to SU-HSA complexation. Similar to GEF-HSA titration
results, ~ 45 % quenching in the fluorescence intensity at 343 nm was observed at 24
UM SU (inset of Figure 4.48). Free SU did not produce any significant fluorescence in
this wavelength range (Figure 4.48). Several earlier reports have shown similar
fluorescence characteristics of HSA upon drug binding (Lv et al., 2013; Matei &

Hillebrand, 2010).

4.4.2  Mechanism of fluorescence quenching

The quenching mechanism involved in the SU-HSA system was probed by treating
the fluorescence quenching data, obtained at three different temperatures, i.e., 288 K
(Figure 4.48), 298 K and 308 K (Figure 4.48S) with the help of the Stern-Volmer
equation (Eqg. (3)). The plots of Fo/ F and SU concentrations for SU-HSA system, thus
obtained, exhibited good linearity with a correlation coefficient (r) of > 0.997 (Figure
4.49). Table 4.16 summarizes the Kgy values at different temperatures, as obtained from
the slope of the Stern—Volmer plots. Involvement of the static quenching mechanism
in SU-HSA system was evident from the decrease in the Ksy value with increasing
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Figure 4.48:

Fluorescence spectra of HSA (3 pM) in the absence (spectrum 1)
and presence (spectra 2-13) of increasing SU concentrations
(2-24 uM with 2 pM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 288 K upon excitation at 295 nm. The
fluorescence spectrum of free SU (24 uM) is shown with dotted line.
The inset shows the decrease in the relative fluorescence intensity of
HSA at 343 nm (Flz43 nm) With increasing SU/HSA molar ratios.
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Figure 4.48 S:

Fluorescence spectra of HSA (3 uM) in the absence (spectrum 1) and
presence (spectra 2-13) of increasing SU concentrations (2-24 uM
with 2 pM intervals), obtained in 60 mM sodium phosphate buffer,
pH 7.4 at (A) 298 K and (B) 308 K upon excitation at 295 nm.
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Figure 4.49: Stern-Volmer plots for the fluorescence quenching data of the
SU-HSA system, obtained at three different temperatures,
i.e., 288 K, 298 K and 308 K.
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Table 4.16:  Quenching and binding parameters for SU-HSA interaction, studied at
three different temperatures, pH 7.4.

288 (3.35 + 0.06) x 10* (5.25 + 0.13) x 10% (3.53 +0.12) x 10*

298 (2.94 + 0.03) x 10* (4.61 + 0.09) x 10% (3.04 +0.08) x 10*

308 (2.37 £0.05) x 10* (3.71 £ 0.12) x 10* (2.41 +0.10) x 10*
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temperature (Table 4.16) and therefore, suggested complex formation between SU and
HSA. Besides, calculation of ky (obtained at three different temperatures using Eq. (4)
for SU-HSA system) from the Kgy values also supported the formation of SU-HSA
complex, as the kq values had fallen in the order of 10" (Table 4.16). These values of Kq
(Table 4.16) were higher than the value of the maximum dynamic quenching constant
(2 x 10'® M™ s™) reported for various quencherfluorophore systems (Ware, 1962).
Several earlier reports have characterized the ligand-induced quenching of HSA
fluorescence as the static quenching mechanism (He et al., 2016; Tunc et al., 2014;

Amina et al., 2016).

4.4.3 Binding affinity

Analysis of the fluorescence quenching data for SU-HSA system was made
according to Eg. (5) and the resulting plots between log (Fo— F) / F and log [1 / ([Lt] -
[(Fo - F)[P1] / Fo)] for SU-HSA system at three different temperatures are displayed in
Figure 4.50. Values of K,, as obtained from these plots at three different temperatures
are given in the last column of Table 4.16. A moderate binding affinity between SU and
HSA was reflected from the K, values, which were found to be in the range, 3.53-2.41
x 10*M™. Such binding affinity seems relevant for the efficient transfer of the drug to
its specific target site through blood circulation. Several published reports have shown
moderate binding affinity between various drugs and HSA (Bourassa et al., 2011; Liu et
al., 2015; Rastegari et al.,, 2016). The decrease in the K, value with increasing
temperature (Table 4.16) seems understandable, as higher temperature might have
weakened noncovalent interactions, required for the stabilization of SU-HSA complex

(Stickle et al., 1992).

444 Interaction forces

Values of the thermodynamic parameters, AH and AS for SU-HSA interaction were
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Figure 4.50: Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
SU-HSA system, obtained at three different temperatures,
i.e., 288 K, 298 K and 308 K.
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determined from the van’t Hoff plot between In Ka and 1/T (Figure 4.51), while the
values of AG at three different temperatures were calculated by substituting these values
into Eq. (7). Table 4.17 shows the values of thermodynamic parameters, thus obtained
for SU-HSA interaction. The complex formation between SU and HSA was found to be
an exothermic and feasible process, as reflected from the negative values of AH and
AG, respectively (Ross & Subramanian, 1981). Since both hydrophobic and
electrostatic interactions are drivened by entropy effect (Ross & Subramanian, 1981), a
positive value of AS for SU-HSA system (Table 4.17) was suggestive of the
involvement of hydrophobic interactions, as absence of any charged group in SU
excluded the contribution of electrostatic interactions in SU-HSA complexation. The
negative AH value (Table 4.17) pointed towards the participation of hydrogen bonds
and van der Waals interactions in the SU-HSA complex formation (Ross &
Subramanian, 1981). It seems reasonable to believe the participation of hydrophobic
and van der Waals interactions along with hydrogen bonds in the binding of SU to
HSA, as SU contains both polar groups (-NH and O) and hydrophobic groups (Figure

2.8).

445  Absorption spectra

UV-vis absorption spectral characteristics of HSA in the absence and presence of
increasing SU concentrations were studied to probe the formation of the complex
between SU and HSA. The UV-vis absorption spectra of HSA in the presence of
increasing concentrations (2-24 puM with 2 uM intervals) of SU (Figure 4.52) were
obtained after subtracting the absorption contribution of the pure SU solutions (Figure
4.525(B)) from the spectra of respective SU-HSA mixtures (Figure 4.52S(A)). Whereas
absorption spectrum of HSA (spectrum 1) was characterized by the absorption
maximum at 278 nm, an increase in the absorbance at 278 nm was noted with

subsequent addition of SU (spectra 2-13). Such increase in the absorbance value clearly
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Figure 4.51: The van’t Hoff plot for SU-HSA interaction. Values of K, were
obtained from the double logarithmic plots, displayed in Figure 4.50.
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Table 4.17:  Thermodynamic parameters for SU-HSA interaction, studied at three
different temperatures, pH 7.4.

AS (I mol™ K™ AH (kJ mol™) AG (kJ mol™)
288 ~25.13
298 +33.63 - 15.44 — 25.46
308 —~25.80
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Figure 4.52: UV-vis absorption spectra of HSA (20 uM) in the absence (spectrum
1) and presence (spectra 2-13) of increasing SU concentrations
(2-24 pM with 2 pM intervals), obtained in 60 mM sodium
phosphate buffer, pH 7.4 at 298 K. The spectra (2-13) were obtained
by subtracting the absorption contribution of respective free SU from
the absorption spectra of SU-HSA mixtures.
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Figure 4.52 S:

(A) Uncorrected UV-vis absorption spectra of HSA (20 uM) in the
absence (spectrum 1) and presence (spectra 2-13) of increasing SU
concentrations (2-24 uM with 2 pM intervals), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 298 K. (B) The spectra (1-12)
were obtained with increasing SU concentrations (2-24 pM with
2 UM intervals).

164



indicated perturbations in the microenvironment around protein chromophores, which
seems possible upon binding of SU to HSA. Therefore, UV-vis results clearly suggested
complex formation between SU and HSA and supported the fluorescence results,

described above in Section 4.4.2.

4.4.6  SU-induced structural / microenvironmental changes in HSA

The possible effects of SU binding on the secondary and tertiary structures of HSA
were studied using far-UV and near-UV CD spectra, respectively. On the other hand,
microenvironmental perturbations around HSA fluorophores (Trp and Tyr) upon SU

binding were probed by 3-D fluorescence spectra.

4.4.6.1 Far-UV and near-UV CD spectra

SU-induced alterations in the secondary and tertiary structures of the protein were
checked from the far-UV and the near-UV CD spectral analysis of HSA, both in the
absence and presence of SU ([SU]:.[HSA] = 1:1). Presence of two minima at 208 nm
and 222 nm in the far-UV CD spectrum of HSA and lower magnitude of MRE values at
these wavelengths in the presence of SU (Figure 4.53) clearly reflected decrease in the
a-helical content of the protein upon SU binding (Goormaghtigh et al., 1990; Bozoglan
et al., 2014). Therefore, SU-HSA complex formation seems to induce secondary
structural alterations in the protein.

The near-UV CD spectrum of HSA (Figure 4.54) was characterized by the presence
of two negative bands at ~ 263 nm and ~ 268 nm and two shoulders at ~ 279 nm and
~ 291 nm due to the presence of aromatic chromophores and disulfide bonds (Lee &
Hirose, 1992). Presence of SU in the mixture altered the near-UV CD spectra, thus
reflected changes in the tertiary structure of HSA.

Therefore, SU binding to HSA produced alterations in both secondary and tertiary

structures of the protein.
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Figure 4.53: Far-UV CD spectra of HSA (3 uM) and SU-HSA (1:1) mixture. The
CD spectra were recorded using a 1 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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Figure 4.54: Near-UV CD spectra of HSA (9 uM) and SU-HSA (1:1) mixture.
The CD spectra were recorded using a 10 mm path length cuvette, in
60 mM sodium phosphate buffer, pH 7.4 at 298 K.
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4.4.6.2 Three-dimensional fluorescence spectra

In order to further explore the microenvironmental changes around protein’s Tyr and
Trp residues upon SU binding, 3-D fluorescence spectra of HSA were analyzed in the
absence and presence of SU. Whereas, Figure 4.55 depicts the 3-D fluorescence spectra
of HSA (A) and SU-HSA mixture ([SU]:[HSA] = 6:1) (B), their spectral characteristics
are summarized in Table 4.18. As described in the Sections 4.1.6.2 and 4.2.6.2, in
addition to two scattering peaks, namely, peak ‘a’ and peak ‘b’, two other peaks,
marked as ‘1’ and ‘2’ represented the fluorescence spectral characteristics of Trp and
Tyr residues of HSA. Quantitative evaluation of these peaks suggested ~ 48 % and
~ 83 % reduction in the fluorescence intensity of peaks ‘1’ and *2’, respectively, in the
presence of SU (Table 4.18). Furthermore, 6 nm (peak ‘1’) and 14 nm (peak ‘2’) blue
shifts were also noticed upon SU addition (Table 4.18). SU-induced micro-
environmental perturbations around protein fluorophores were clearly seen from the

spectral changes of these peaks, thus confirming SU-HSA complex formation.

4.4.7  Thermal stabilization of HSA

In view of the increased thermostability of proteins in the presence of their ligands
(Celej et al., 2003; Flora et al., 1998; Pico, 1997), thermal stability of HSA was checked
in SU-HSA mixture ([SU]:[HSA] = 4:1) in the temperature range, 298-353 K with 5 K
intervals. Figure 4.56 shows thermal stability results of HSA in the absence and
presence of SU, as monitored by fluorescence measurements at 343 nm. As can be seen
from the figure, SU-HSA mixture produced higher fluorescence intensity at 343 nm,
compared to HSA at each temperature, which suggested protein stabilization due to
ligand binding. The difference in the fluorescence intensity of HSA and SU-HSA
mixture became more marked at higher temperatures. Such stabilization of HSA might
be ascribed to the additional forces, involved in SU-HSA complex formation as well as

coupling between the binding and unfolding equilibria (Watanabe et al., 2001).
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Figure 4.55:

Three-dimensional fluorescence spectra and corresponding contour
maps of (A) HSA (3 uM) and (B) SU-HSA (6:1) mixture. The
spectra were recorded in 60 mM sodium phosphate buffer, pH 7.4 at
298 K.
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Table 4.18: Three-dimensional fluorescence spectral characteristics of HSA (3 uM) and
SU-HSA system at 298 K, pH 7.4.

Peak Position Intensity

[Rex/ Aem (NM/Nm)]

a 230/230—350/350 17.7—105.6
HSA ) b 250/500 914
1 280/337 351.7
~ 2 230/335 129.8
( a 230/230—350/350 15.0—68.8
[SUL:[HSA] =6:1 b 250/500 62.7
< 1 280/331 182.6
. 2 230/321 22.7
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Figure 4.56:

Thermal stability profiles of HSA (3 pM) and SU-HSA (4:1)
mixture in the temperature range, 298-353 K with a regular
increments of 5 K, as monitored by fluorescence intensity

measurements at 343 nm (Flss3 nm), In 60 mM sodium phosphate
buffer, pH 7.4.
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448 Influence of metal ions on SU-HSA interaction

The effect of common ions such as, K*, Mg?*, Ca**, Mn?*, Cu?*, Zn** and Ba** on
SU-HSA interaction was investigated at 298 K by determining the binding constant, K,
of SU-HSA system in the presence of these ions (100 uM). As can be seen from Table
4.19, K, value of SU-HSA system was significantly affected in the presence of Mn?*,
Ca®* and Zn?*. Whereas a decrease in the binding constant was noticed in the presence
of Mn?* and Ca®, presence of Zn*" in the incubation mixture produced a significant
increase in the binding constant. In view of the distant location of the four known metal
binding sites from the lone Trp-214 of HSA (Bal et al., 2013), changes observed in the
fluorescence characteristics of SU-HSA system in the presence of metal ions seem
unlikely due to direct metal ion binding to the protein. However, formation of metal
ion—-drug complex and its interaction with the SU binding site on HSA may produce
alteration in the fluorescence characteristics. Owing to the presence of carbonyl group
in the SU structure (Figure 2.7), Mn**, Ca**, and Zn** seem to bind the drug with higher
affinity (Glusker et al., 1999; Krezel & Maret, 2016). However, different geometries of
metal ion—-drug complexes might be responsible for producing differential effects in the
fluorescence spectra of SU-HSA system, used for binding constant determination. Such
changes in the binding constant of SU-HSA system might influence the half-life of the
drug in blood plasma. Therefore, it is imposed to readjust the dose of the drug in the

presence of these common ions.
4.4.9 Location of SU binding site

To search the binding locus of SU on HSA, competitive ligand displacement

experiments using site markers and molecular docking analysis were performed.

4.49.1 SU-induced site marker displacement

Majority of drugs bind to one of the two well-characterized ligand binding sites
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Table 4.19:

Ka values of SU-HSA interaction in the absence and presence of

different metal ions (100 uM) at 298 K, pH 7.4.

Metal lon Ka (x 10° M™)

Mg?*
K*
Ca2
Mn2*
cu?t
72t

Ba?

3.04 +0.08

2.82+0.13

3.19+0.11

2.79+£0.09

2.68+0.12

3.01 +0.07

3.43+0.15

2.93+0.09
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(Sudlow’s sites | and Il) of HSA, which are placed in subdomains 1A and IlIA,
respectively (Sudlow et al., 1975). In order to identify SU binding site on HSA,
competitive ligand displacement experiments were carried out using different site
markers, such as PBZ (site | marker) and DZM (site 1l marker) (Kragh-Hansen et al.,
2002). Figures 4.57 and 4.58 show the titration results of HSA and site marker (PBZ /
DZM)-HSA mixture ([site marker]:[HSA] = 1:1) with increasing SU concentrations. A
comparison of the titration results showed marked variation in the SU-induced
guenching of protein fluorescence in the absence and presence of PBZ (Figure 4.57). On
the other hand, smaller changes in the quenching patterns were noticed between HSA
and DZM-HSA complex (Figure 4.58).

Treatment of the quenching data (Figures 4.57 and 4.58) according to Eg. (5)
produced linear plots (Figure 4.59). The K, values for SU-HSA interaction in the
absence and presence of PBZ and DZM, as obtained from the linear plots are given in
Table 4.20. The K, value of the SU-HSA system was significantly reduced in the
presence of PBZ while presence of DZM showed little influence on the K, value (Table
4.20). Hence, competitive displacement results clearly suggested the preference of SU

binding at site | (subdomain 11A) of HSA.

4.4.9.2 Molecular docking analysis

Site-specific computational docking analysis was performed to predict the favorable
binding mode of SU in between Sudlow’s site | and site Il on HSA as well as to validate
the results described in Section 4.4.9.1. In docking analysis, energy terms of
hydrophobic interaction, electrostatic interaction, torsional entropy and other parameters
were evaluated in 250 iterations for each binding site. From the predicted binding
modes, estimated free energies of the binding of SU to different binding sites were
compared. As shown by cluster analysis (Figure 4.60), the largest cluster consisted of

97 out of 250 modes with the lowest binding energies for site I, whereas for site 11, 46
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Figure 4.57:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flzs3nm) of HSA (3 uM) and PBZ-HSA (1:1) mixture with
increasing concentrations (0-24 uM with 2 uM intervals) of SU. The
experiments were carried out in 60 mM sodium phosphate buffer,
pH 7.4 at 298 K.
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Figure 4.58:

Plots showing the decrease in the relative fluorescence intensity at
343 nm (Flza3nm) of HSA (3 uM) and DZM-HSA (1:1) mixture with
increasing concentrations (0-24 uM with 2 uM intervals) of SU. The
experiments were carried out in 60 mM sodium phosphate buffer,
pH 7.4 at 298 K.
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Figure 4.59:

Double logarithmic plots of [log (Fo— F) / F versus log [1 / ([L+] -
[(Fo = F)[P1] / Fo)] for the fluorescence quenching data of the
SU-HSA system in the absence and presence of different site
markers, i.e., PBZ and DZM, obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 298 K (Figures 4.57 and 4.58).
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Table 4.20: K, values of SU-HSA interaction in the absence and presence of site
markers, obtained at 298 K, pH 7.4.

Site Marker Ka (x 10*M™)

- 3.04 £ 0.08
DZM 2.45+0.06
PBZ 1.47 +0.10
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Figure 4.60: Cluster analysis of the docking of SU to Sudlow’s sites | (A) and 11
(B) of HSA crystal structure (1BMO). The results were obtained
from a total of 100 runs for each binding site.
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modes with the lowest binding energies formed the largest cluster. However, the mean
binding energy of the largest cluster (—26.15 kJ mol™) in site 11 was higher than that
(-33.60 kJ mol™) in site | (Figure 4.60). Furthermore, the lowest binding energy for
sites 1 and 11 were found to be —36.94 kJ mol™ and —26.15 kJ mol™, respectively. Based
on the lowest binding energy results, SU seems to have a binding preference for
Sudlow’s site | with more favorable docking conformer than Sudlow’s site 11 of HSA.
Subsequently, the SU binding mode of the lowest binding energy to Sudlow’s site |
was selected for further analyses. Visualization (Figure 4.61) showed that SU docked to
a cavity, mainly formed by the charged and polar residues. These 16 residues, viz., Tyr-
150, Glu-153, Arg-160, Glu-188, Ser-192, Lys-195, GIn-196, Lys-199, Trp-214, Arg-
218, Leu-219, Arg-222, His-242, Arg-257, His-288 and Glu-292 were located within
5 A distance from SU. On the other hand, two and one hydrogen bonds were formed at
the binding sites | and II, respectively, in SU-HSA complex docking analysis (Table
4.21). Furthermore, the binding site 1 of HSA was surrounded by hydrophobic amino
acid residues and they might be involved in the stabilization of SU-HSA complex
through hydrophobic interactions (Figure 4.62). Therefore, inspection on molecular
interactions showed that both hydrogen bonds and hydrophobic interactions are the

major forces towards the stability of SU-HSA complex.

In summary, the results of SU-HSA interaction study showed moderate binding
affinity between SU and HSA and the binding reaction was mediated by the
participation of hydrophobic and van der Waals interactions along with hydrogen
bonds. Secondary and tertiary structural alterations, microenvironmental perturbations
around Tyr and Trp residues and improvement in thermal stability of the protein were
noticed upon SU binding. Besides, subdomain 1A (Sudlow’s site 1) of HSA was
identified as the preferred binding locus of SU. The influence of a few common ions on

SU-HSA interaction was also noticed. Since SU has potential drug value, its interaction
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Figure 4.61:

Predicted binding orientation of the lowest docking energy
conformation of SU (rendered in sticks) in the Sudlow’s site I
(subdomain 11A) of HSA (1BMO0). Different domains of HSA,
namely, I, Il and IIl are shown in green, sky blue and red,
respectively. The enlarged view shows the hydrogen bond (black
line) formed between SU and amino acid residues of HSA (rendered
in yellow stick).

181



Table 4.21: Predicted hydrogen bonds between interacting atoms of the amino acid
residues of HSA (1BMO) and SU at Sudlow’s sites | and 1.

HSA Binding Site HSA Atom Distance (A)
Ser192:0G H (Nitro) 1.97
Site |
Lys199:HZ1 O (Carbonyl) 1.73
Site 11 Lys413:HZ3 O (Carbonyl) 2.07
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Figure 4.62: LigPlot+ diagram of SU (purple lines) and the amino acid residues
of HSA at site I. The residues indicate the presence of hydrophobic
interactions with SU. Hydrogen bonds of SU and HSA are rendered

with dashed green lines.
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study with HSA might be important for understanding its transport in the human body.

Therefore, these results may be vital for selecting SU as a therapeutic drug in future.
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CHAPTER 5: CONCLUSIONS

This research study provides a detailed description of the binding of four tyrosine
kinase inhibitors, i.e., VDB, LAP, GEF and SU to HSA in terms of binding affinity,
forces involved, effects on protein conformation and thermal stability as well as
identification of the binding site. The binding characteristics of these ligands were
found to be more or less similar and comparable to many other ligands / drugs. While
LAP, GEF and SU showed a moderate binding affinity towards HSA, relatively weaker
binding affinity was observed for VDB. Ligand-induced quenching was characterized as
static quenching based on fluorescence quenching results, obtained with these ligands
and suggested ligand—protein complex formation. Hydrophobic and van der Waals
interactions along with hydrogen bonds seemed to stabilize these complexes based on
thermodynamic data. Although microenvironmental perturbation around protein
fluorophores and changes in protein’s secondary and tertiary structures were noticed
upon addition of these ligands, thermal stability of the protein was improved upon
ligand binding. Whereas, VDB and SU exhibited a clear binding preference for site |
(subdomain I1A) of HSA, LAP and GEF were shown to bind to site 11l (subdomain IB).
Presence of a few metal ions, i.e., Mg*, K*, Ca?*, Mn®, Cu**, Zn* and Ba*" were
found to affect the stability of the ligand—protein complex. These findings can be
helpful in understanding the pharmacokinetics of these drugs, as drug—protein
interaction increases drug's efficacy, solubility and in vivo half-life, while defending its

elimination from the body and reducing its toxicity.
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