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Abstract: Pazopanib (PAZ), a tyrosine kinase inhibitor, is used to treat advanced renal cell carcinoma
(RCC) and advanced soft tissue sarcoma (STS). The FDA approved PAZ for RCC in 2009 and for
STS in 2012. The antitumor activity of pazopanib, according to the degree of inhibition, shows
different results depending on the dose. Renal cell carcinoma is the most sensitive carcinoma to
pazopanib, with 77% inhibition at the 10 mg/kg dose. Clinical studies have shown 53% to 65%
inhibition in carcinomas such as breast carcinoma, prostate carcinoma, and melanoma. Plasma
proteins such as human serum albumin (HSA) have a critical role in transporting and storing
bioactive components. This feature of HSA is very important for the development of cancer therapy.
Here, we investigated the interaction between PAZ and HSA to evaluate their binding strength,
binding types, and conformational change in HSA. We used spectroscopic methods to assess the
drug–protein interaction. Fluorescence measurements revealed that the interaction of PAZ with HSA
occurred via the static quenching mechanism. The calculated binding number and binding constants
were 1.041 and 1.436 × 106 M−1, respectively, at 298.15 K based on fluorescence screening. The high
binding constant and calculated Gibbs free energy at different temperatures showed spontaneous
and strong binding. Circular dichroism measurements showed that the α-helix structure of HSA
was retained as the secondary structure, with a slight reduction in its percentage after adding PAZ.
Furthermore, molecular modeling studies suggested that the docking score of PAZ is higher than
those of bicalutamide and ibuprofen, the drugs that were chosen as model competitors against PAZ.
Accordingly, PAZ was found to replace bicalutamide and ibuprofen on the HSA binding site, which
was also confirmed by UV absorption spectroscopy.

Keywords: pazopanib; human serum albumin; fluorescence spectroscopy; circular dichroism; molec-
ular docking

1. Introduction

Tyrosine kinase inhibitors (TKIs) are increasingly used in oncology. They are preferred
over many chemotherapy drugs due to their superior efficacy and minimal side effects.
Pazopanib (PAZ) is a TKI used as a first-line treatment for advanced clear cell renal cell
carcinoma (ccRCC). It is a second-generation drug that limits tumor growth by acting
on multiple targets, such as vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR). In addition, PAZ is used for the treatment
of several different cancer types, such as ovarian, thyroid, breast, and cervix cancers [1,2].
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Protein–drug interactions are critical for the pharmacokinetic and pharmacological prop-
erties of the drug. Drugs either bind reversibly to plasma proteins or are transported in free
form in blood plasma. Human blood plasma consists of different types of proteins with various
functional properties and structures, ranging from small peptides to large proteins. Plasma
proteins have a substantial role in transporting and storing bioactive components. Hence, HSA
has been under the spotlight for developing therapeutic substances that can be carried with
this protein [3–6]. HSA consists of a single polypeptide chain with a molecular weight of
66.5 kDa containing 585 amino acid residues [3,4]. It is a macromolecule containing a helix that
forms a heart-shaped structure. The macromolecule consists of three domains, which consist of
two subdomains, A and B, with similar structures [3–5]. Seventeen disulfide bonds keep the
subdomain structures in balance. Small drug molecules bind to the IIA (site 1) and IIIA (site 2)
subdomains of HSA in the hydrophobic cavity [5,6]. PAZ is a synthetic small drug molecule
containing indazole, pyrimidine, and benzenesulfonamide groups in its structure (Figure 1) [7].
The most important fluorophore of HSA is the Trp-214 residue, which is located in subdomain
IIA and used to monitor the drug–protein interaction [4,5]. The binding of drugs to HSA may
change the intermolecular forces that mediate the secondary and tertiary structures, leading to
conformational changes. Alterations in HSA conformations are monitored by measuring the
ellipticity using circular dichroism (CD) spectroscopy [4–6].

Figure 1. Chemical structure of pazopanib (PAZ).

The most common methods to investigate the binding of drugs to albumin are flu-
orescence spectroscopy [6,8], molecular modeling [5,6,9], synchronous fluorescence [9],
UV–visible absorption [8,9], and CD spectroscopy [5,6,8–10]. The binding of PAZ to plasma
proteins has not been previously reported. This study reports the interaction between PAZ
and HSA for the first time by using multispectroscopic methods. Fluorescence quenching of
the Trp-214 residue was systematically measured upon the addition of PAZ. The quenching
data were used to determine the quenching mechanism and calculate the binding constant
for PAZ. CD measurements helped to examine the α-helix structure of HSA in the presence
of PAZ. In addition, possible molecular interactions between the anticancer drug PAZ and
HSA were investigated using molecular docking calculations. According to the theoretical
model, hydrogen binding and pi–sulfur bonds were found to constitute the interactions.
The molecular docking score of PAZ was compared to those of bicalutamide (BIC) and
ibuprofen (IBU) based on the bond types mediated in the interactions.

2. Experimental Procedures
2.1. Materials and Methods

HSA (purity ≥ 96%), tris(hydroxymethyl)aminomethane (Tris), sodium chloride
(NaCl), hydrochloric acid (HCl), and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich. PAZ (purity > 99.5%) was obtained from DEVA Holding A.S (Istanbul-
Turkey). Firstly, stock solutions of 1.0 mM HSA and 1.0 mM PAZ were prepared using pH
7.4 Tris-HCl buffer solution and DMSO, respectively, and stored in a refrigerator at 4 ◦C.
Before each experiment, all solutions were freshly prepared in tris buffer solution (0.05
M, pH 7.4, containing 0.1 M NaCl) using ultrapure water. Several protein–drug solutions
containing PAZ concentrations ranging from 0.5 µM to 36.0 µM were prepared.
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2.2. Fluorescence Spectroscopy Measurements

Fluorescence studies were conducted using a Varian-Cary Eclipse fluorescence spec-
trophotometer equipped with a Peltier temperature control unit. The samples were excited
at 270 nm; both excitation and emission slits were set to 5 nm. The HSA concentration
was kept constant at 20 µM, the concentrations of the added drug were calculated, and the
required amount was taken from the stock solution and added directly to the cuvette. The
fluorescence spectra of HSA solutions in the absence and presence of PAZ were measured
at four different temperatures (288.15, 298.15, 310.15, and 318.15 K). At the beginning of
the titrations, the HSA solutions were kept at equilibration for 15 min at each temperature.
To eliminate the inner filter effect in HSA–PAZ interactions, corrections were made in
the fluorescence measurements. The corrected fluorescence intensity (Fcor) values were
calculated using the following equation [5,8,11]:

Fcor = Fabs10(Aexc + Aem)/2

where Fabs is the observed fluorescence intensity of HSA, Aexc is the absorbance value at
the excitation wavelength, and Aem is the absorbance value at the emission wavelength.
Corrected fluorescence values were used in all other calculations.

2.3. CD Measurements

CD spectra of HSA (66.5 kDa) before and after the addition of PAZ were recorded
between 202 nm and 250 nm using a JASCO spectrometer (J-815-150S, Tokyo, Japan). A
2.5 µM HSA solution in Tris-HCl buffer (pH 7.4) was prepared for the measurements.
PAZ was added from its 5 mM DMSO solution to HSA solutions to reach final PAZ
concentrations of 2.5 µM and 5 µM. DMSO absorbs circularly polarized light in the far-UV
region, causing a voltage increase and noisy signal. When DMSO was around 0.5% by
volume, the secondary structure was not affected, but the signal within the 202–220 nm
range was noisy due to the voltage rise. Therefore, DMSO was used at around 0.1%. A
quartz cuvette with a 1 mm path length was used for the measurements. Scans were
recorded as the average of three consecutive scans. Response time and scanning speed
were set to 4 s and 100 nm/min, respectively. Mean residue ellipticity (MRE) values
were calculated using amino acid number (n = 585) and ellipticity values measured in
millidegrees (θobserved) at 208 nm according to the following equation:

MRE = observed
c × l × 10 × n

where c is the molar protein concentration, and l is the path length in cm.
α-Helix percentages of HSA upon addition of PAZ were calculated based on the

ellipticity values at 222 nm according to the following equation [12]:

% α− Helix =
−MRE − 3000
39500 − 3000

∗ 100

2.4. Molecular Docking Studies

Molecular docking experiments were conducted using the Autodock Vina software [13].
The receptor protein structure (4LA0) was retrieved from the protein database. Before
docking calculations, the structure was cleaned of water and other heteroatoms. BIOVIA
Discovery Studio 2021 (BIOVIA, Dassault Systèmes, Discovery Studio, 2021, San Diego:
Dassault Systèmes, 2021) was used to prepare the dock and analyze the findings.

2.5. UV–Visible Spectroscopy Measurements

All UV–visible absorption experiments were performed with an Agilent Technologies
Cary UV-60 spectrophotometer. The path length of the quartz cell was 10 mm, and the
wavelength was 250–600 nm. Different concentrations of PAZ were added to 20 µM HSA,
and absorbance spectra were collected.
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3. Results and Discussion
3.1. Fluorescence Spectroscopy Studies

The binding of PAZ to HSA was investigated based on fluorescence quenching of
Trp-214, which is the fluorophore unit of HSA. Fluorescence measurements were performed
at four different temperatures (288.15 K, 298.15 K, 310.15 K, and 318.15 K) to monitor the
dependence of the interactions between HSA and PAZ on temperature. The fluorescence
maximum of the HSA in the absence of PAZ was observed at 337 nm when excited at
270 nm. A gradual decrease at this band was observed upon adding PAZ with a concen-
tration ranging from 0.5 µM to 36.0 µM. As shown in Figure 2A, the maximum emission
underwent a bathochromic shift to 357 nm after the addition of 36.0 µM PAZ at 298.15 K.
The fluorescence spectra and binding isotherms obtained at 288.15, 310.15, and 318.15 K
are shown in Figures 3–5, respectively. Association constants (Ka) were calculated using
nonlinear curve fittings of binding isotherms.

3.2. Determination of Quenching Mechanism

Fluorescence quenching occurs in two ways: dynamic (collision) or static. Dynamic
quenching occurs due to the collision between the fluorophore and the quencher, while
static quenching is due to the formation of a complex between the fluorophore and the
quencher. Generally, dynamic and static quenching can be distinguished from the re-
sponse to the temperature. While the constant quenching value decreases with increasing
temperature in static quenching, the opposite is true in dynamic quenching [6,8,9,11].

To determine the mechanism of quenching of HSA, fluorescence quenching constants
were calculated using Stern–Volmer plots obtained at different temperatures (Figure 6) and
the equation below [14]:

F0/F = 1 + kq τ0 [Q] = 1 + Ksv [Q]

where F0 and F are the fluorescence intensities of the protein in the absence and presence of
ligand, respectively; τ0 is the lifetime (10−8 s) of the biomolecule in the absence of quencher;
Ksv and [Q] are the Stern–Volmer quenching constant and PAZ concentration, respectively;
and kq represents the quenching rate constant. KSV values were determined using the
slopes of F0/F versus [Q] plots.
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Figure 2. (A) Fluorescence spectra of 20.0 µM HSA in the presence of PAZ with concentrations
varying from 0.5 µM to 36.0 µM at pH 7.4 and 298.15 K. (B) Corresponding binding isotherm and
fitting curve (F0: initial fluorescence intensity, Ff: final fluorescence intensity).
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Figure 3. (A) Fluorescence spectra of 20.0 µM human serum albumin (HSA) in the presence of PAZ
with concentrations varying from 0.5 µM to 36.0 µM at pH 7.4 and 288.15 K. (B) Corresponding
binding isotherm and fitting curve (F0: initial fluorescence intensity, Ff: final fluorescence intensity).
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Figure 4. (A) Fluorescence spectra of 20.0 µM human serum albumin (HSA) in the presence of PAZ
with concentrations varying from 0.5 µM to 36.0 µM at pH 7.4 and 310.15 K. (B) Corresponding
binding isotherm and fitting curve (F0: initial fluorescence intensity, Ff: final fluorescence intensity).
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Figure 5. (A) Fluorescence spectra of 20.0 µM human serum albumin (HSA) in the presence of PAZ
with concentrations varying from 0.5 µM to 36.0 µM at pH 7.4 and 318.15 K. (B) Corresponding
binding isotherm and fitting curve (F0: initial fluorescence intensity, Ff: final fluorescence intensity).
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Figure 6. Stern–Volmer plots of HSA–PAZ interaction.

As seen from Table 1, the Ksv values decreased with increasing temperature, proving
that the quenching by PAZ is initiated by static quenching. Therefore, it occurs through the
formation of a complex between the drug and protein.

Table 1. Stern–Volmer quenching (KSV) constants, regression coefficients (R), and quenching rate (kq)
constants at different temperatures and pH 7.4 for the interaction of PAZ with HSA.

T (K) Ksv (M−1) R kq (M−1·s−1)

288.15 1.377 × 105 0.995 1.377 × 1013

298.15 1.267 × 105 0.993 1.267 × 1013

310.15 1.261 × 105 0.994 1.261 × 1013

318.15 1.198 × 105 0.993 1.198 × 1013

3.3. Determination of Thermodynamic Parameters and Binding Constants

Thermodynamic parameters are basic tools to determine the interactions occurring be-
tween proteins and ligands, namely, hydrogen bonding, hydrophobic interaction, and van
der Waals and electrostatic forces. The nature of the HSA–PAZ interaction was determined
using thermodynamic parameters such as enthalpy change (∆H◦), entropy change (∆S◦),
and Gibbs free energy change (∆G◦). Values of ∆H and ∆S for the interactive process were
obtained based on the Van’t Hoff equation [15]:

lnKa = −∆H◦/RT + ∆S◦/R

where Ka and R are the binding constant and universal gas constant, respectively. ∆H◦ and
∆S◦ values were calculated from the slope and intercept values of the lnKa versus 1/T plot,
respectively (Figure 7). Then, the value of ∆G◦ was calculated using the following equation:

∆G◦ = ∆H◦ − T∆S◦
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Figure 7. Van’t Hoff plot of HSA-PAZ interaction (R: 0.999).

The calculated parameters are shown in Table 2 for different temperatures. The
negative ∆G◦ values and high Ka values indicate a spontaneous and strong interaction
between PAZ and HSA. Since both entropy and enthalpy changes contribute to the Gibbs
free energy change, the binding interaction can be regarded as both enthalpy- and entropy-
driven.

Table 2. Binding and thermodynamic parameters for the interaction of HSA with PAZ at differ-
ent temperatures.

T (K) Ka (M−1) n R ∆G◦

(kJ mol−1)
∆H◦

(kJ mol−1)
∆S◦

(J mol−1 K−1)

288.15 2.032 × 106 1.064 0.995 −34.823

−28.187 23.043
298.15 1.436 × 106 1.041 0.999 −35.054
310.15 0.898 × 106 1.047 0.999 −35.330
318.15 0.675 × 106 1.048 0.999 −35.515

Ka: binding constants calculated from fluorescence titrations; n: number of binding sites calculated from fluores-
cence titrations.

Menezes et al. [16] revealed that PAZO interacts with HSA and glycine (gHSA) and
quenches their fluorescence. The interactions were found to produce high and similar
affinities for HSA (Ka = 6.76 × 105 M−1) and gHSA (Ka = 7.76 × 105 M−1) at 296 K.
When the thermodynamic results obtained are examined, it is observed that HSA–PAZO
interactions are governed by hydrophobic/van der Waals forces and hydrogen bonds (∆H◦

< 0 and ∆S◦ > 0), whereas in the gHSA–PAZO interactions, only van der Waals forces and
hydrogen bonds (∆H◦ < 0 and ∆S◦ < 0) appear to be dominant. In this study, the binding
coefficient of HSA–PAZ interactions at 298 K were found to be 1.436 × 106 M−1, and the
binding number was 1.041. Thermodynamic results were calculated as ∆H◦ < 0 and ∆S◦

< 0. These results were supported by molecular docking studies, in which van der Waals
forces were more effective in drug–protein interactions.
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3.4. CD Spectroscopy

The secondary structure of HSA in the absence and presence of PAZ was analyzed
using a circular dichroism spectrometer. Figure 8 shows the typical α-helix CD spectra of
the protein with two negative minima at 208 nm and 222 nm that correspond to the п-п*
and n-п* transitions, respectively [12]. The addition of PAZ slightly decreased the α-helix
content, as revealed by the decrease in the peak intensity at 222 nm. The calculated α-helix
content of native HSA was found to be 51.4%, which decreased to 50.5% and 49.3% after
adding PAZ with concentrations of 2.5 µM and 5 µM, respectively.

Figure 8. Far-UV CD spectra of 2.5 µM HSA in Tris-HCl buffer solution (pH 7.4) in the absence and
presence of 2.5 µM and 5 µM PAZ.

3.5. Molecular Docking

As a result of in silico evaluations with PAZ, BIC, and IBU, docking scores were found
to be −10.4 kcal/mol, −9.1 kcal/mol, and −7.1 kcal/mol, respectively (Table 3). Detailed
examination of the receptor-ligand interactions showed that PAZ, with the highest binding
score, forms hydrogen bonds with ARG186 and HIS146 and a pi-sulfur bond (Figure 9).
BIC-receptor interactions occur with ARG117 and LEU182 residues. Both residues form
hydrogen bonds with the ligand. Unlike the other two drugs, BIC has fluorine atoms, and
it forms halogen (fluorine) bonds with the PHE134 and VAL116 residues (Figure 10). IBU,
with the lowest docking score, establishes its relationship with the receptor through van
der Waals interactions (Figure 11).

Table 3. Molecular docking scores of receptor-ligand interactions.

Drug Substance Docking Score (kcal/mol)

Pazopanib −10.4
Bicalutamide −9.1

Ibuprofen −7.1
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Figure 9. Three-dimensional representation of the interaction of PAZ with the receptor (A,D). Inter-
actions in this region are strong, as PAZ acts as both an acceptor and donor for hydrogen bonding
(B). Receptor-ligand interaction occurs in the neutral region (C). The most significant contributor to
the docking score of PAZ is the pi-sulfur bond (E) that occurs in the neutral region. Although the
pi bonds are weak interactions, the pi-sulfur interaction here is quite strong since it occurs with the
double bond of PAZ.

Figure 10. Three-dimensional representation of the interaction of BIC with the receptor (A,D). BIC,
like PAZ, acts as both acceptor and donor and forms hydrogen bonds with the receptor (B). Therefore,
BIC also interacts strongly with the receptor. The regions where BIC and the receptor interact are
neutral (C). The close docking scores of BIC and PAZ were attributed to interactions with the PHE134
and VAL116 residues (E) formed through halogen (fluorine) bond, which is also a strong bond
pi-sulfur double bond observed in PAZ-HSA.
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Figure 11. Three-dimensional representation of the interaction of IBU with the receptor (A). Although
the region where IBU interacts with the receptor is suitable for forming strong hydrogen bonds as
both acceptor and donor (B), it cannot form a hydrogen bond with the IBU receptor, nor can interact
with the electrophilic regions of the receptor (C). Instead, IBU only contributes to the docking score
with van der Waals interactions, 3D (D) and 2D representation (E).

3.6. UV–Visible Absorption Spectroscopy

UV absorption spectroscopy is used to evaluate the formation of complexes between
drugs and globular proteins. Two absorption maxima were observed at around 280 nm and
310 nm in the PAZ spectrum (Figure 12A), which was examined with respect to increasing
HSA concentrations. Since HSA does not absorb wavelengths above 300 nm, the changes
in that region were tracked to infer the binding interaction. Accordingly, the binding of
PAZ to HSA caused a slight hyperchromic shift above 300 nm.

The competitive binding of PAZ to HSA was examined in the presence of two chosen
model drugs, namely, IBU and BIC, which bind to HSA (Figure 13). For this analysis,
high concentrations of IBU and BIC (1.0 mM) were mixed with HSA (0.9 mM) separately.
Portions of these mixtures that include HSA with concentrations ranging from 3.3 µM to
33 µM and 1.1-fold competitor were then added to 30 µM PAZ, followed by the absorp-
tion measurement. The peak intensity at around 310 nm increased with HSA addition
(Figure 12). Interestingly, the same peak and increase in the intensity were observed with
the addition of HSA-BIC and HSA-IBU mixtures, revealing that PAZ can replace competi-
tors on the HSA binding site (Figure 12B,C and Figure 13). The absorbance values of PAZ
mixed with HSA are closer to that of PAZ mixed with HSA-IBU than that of HSA-BIC
(Figure 13). This indicates a higher replacement of IBU but a lower replacement of BIC by
PAZ. These results are corroborated by molecular docking calculations, where the docking
scores of BIC and PAZ were found to correspond to a similar degree of affinity for HSA.
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Figure 12. Cont.
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Figure 12. UV absorption spectra of 30.0 µM PAZ in the presence of HSA with concentrations (a) to
(ı): 0, 3.3, 6.6, 9.9, 13.2, 16.5, 19.8, 26.4 and 33.0 µM (A), HSA-BIC (B) and HSA-IBU (C) at 298.15 K.

Figure 13. Schematic representations of competitive binding of PAZ to HSA in the absence of
competitors (above left) and in the presence of IBU (middle left) and BIC (below left); UV absorbance
responses of the competitive binding at 310 nm (right).
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4. Conclusions

In this study, the interaction of PAZ with HSA, a transport protein, was investigated
using various spectroscopic techniques. Fluorescence emission of HSA at 288 K, 298 K, 310
K, and 318 K was quenched in the presence of PAZ. The binding of PAZ to HSA was proved
by thermodynamic parameters and a high binding constant calculated from fluorescence
quenching data. A decrease in the binding constant with increasing temperature represents
static quenching. Molecular docking calculations yielded a higher docking score for PAZ
than BIC and IBU, which were chosen as model competing drugs. PAZ and BIC interact
with the receptor by hydrogen bonding. IBU was found to interact with HSA only through
van der Waals interactions. In addition to hydrogen bonding, PAZ and BIC form pi–sulfur
and halogen bonds. The results obtained from the experimental data and theoretical
calculations are in agreement. ARG186 and HIS146 residues for PAZ and ARG117, LEU182,
VAL116, and PHE134 residues for BIC play an important role in receptor–ligand interactions.
In particular, the roles of HIS146, with which PAZ interacts through pi–sulfur bonding, and
VAL116 and PHE134, with which BIC forms halogen bonds, are critical in terms of their
contribution to the interaction. A mutation in these residues will significantly affect drug
interactions and, subsequently, transportation in the body.

Circular dichroism spectroscopy measurements showed that the secondary structure
of HSA was slightly affected when PAZ was added at a 2-fold higher concentration with
respect to HSA and retained the α-helix as the dominant conformation. This research
provides fundamental insight into the molecular interaction of HSA with PAZ and may
help to understand disease and therapy conditions and drug efficacy.
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