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Abstract

Considering the importance of pharmacology and the influence of drugs on biological materials, the effects of a newly designed
and synthesized platin complex (2,2'-Bipyridine-3,3’-dicarboxylic acid, oxalato Platinum(Il), as an antitumor drug was tested on
the structure of blood carrier protein of human serum albumin (HSA) using various spectroscopic techniques including UV-
visible, fluorescence, and circular dichroism at 25 and 37 °C. Results of the fluorescence measurements revealed that adding the
complex caused reduction in intrinsic fluorescence emission of HSA resulted from dynamic quenching of HSA. The number of
binding sites and binding constants were calculated at both temperatures of 25 and 37 °C. In addition, in order to identify the
complex’s binding site on HSA employing spectroscopy, the competitive studies were followed using warfarin, digitoxin and
ibuprofen as site markers of Sudlow sites I, IT and III. Competitive binding test results have shown that Pt(II) complex bind on the
warfarin binding site (or Sudlow sites I) on HSA. Besides, a reduction in thermal stability for HSA was observed in the presence

of the newly designed Pt(II) complex.
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Introduction

Human serum albumin (HSA), a negatively charged
nonglycosylated serum protein, presents several functions
[1]. HSA concentration is approximately 42 mg/ml (about
0.6 mM) in a normal person, which makes it an abundant
plasma protein [2]. Owing to its high concentration in the
blood plasma, HSA comprises nearly 80% of the colloid os-
motic pressure of plasma [3]. Moreover, this protein transports
various compounds in the blood [3]. Numerous drugs with a
poor solubility in water are bound and carried in the blood by
HSA [4]. According to the published reports, binding of drugs
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to HSA can change the free concentration, distribution, and
metabolism of the drugs [5].

HSA is composed of a single polypeptide chain of 585
amino acids which is rich in «-helices and contains 17 disul-
fide bridges [6, 7]. The single HSA chain is formed from three
similar domains, named I, II, and III. In each domain, two
helical subdomains, called A and B, are connected by random
coils [8]. Subdomains ITA and IIIA are two structurally selec-
tive binding pockets for drugs and correspond to Sudlow pro-
posed sites [ and II [8, 9]. Sudlow’s site I is mainly preferred
by heterocyclic anions like warfarin, while Sudlow’s site 11 is
favored by aromatic carboxylates possessing extended confor-
mation such as ibuprofen [10-12].

Interaction of drugs with proteins influences both the ap-
parent distribution volume and elimination rate of the drug.
Furthermore, the drug displacement from HSA owing to the
competitive binding of drugs administered simultaneously can
result in higher levels of the free drug and consequently po-
tential side effects. Therefore, in order to avoid the undesirable
side effects, it is necessary to be aware of the impact of the
drug displacement due to simultaneous administration of drug
compounds [13].

Using metal compounds in the treatment of numerous dis-
eases is prevalent such as bismuth, silver, platinum, iron, gold,
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and antimony as anti-ulcer, anti-microbial, anti-cancer, anti-
malarial, anti-arthritic, and anti-protozoal compounds, respec-
tively [14]. Numerous compounds of transition metals and
also main group elements have been studied for anti-tumor
activity [15]. The first reports on application of metals or
metal-containing drugs in treatment of cancer dates back to
sixteenth century [15].

Employing transition metal compounds as chemotherapeutic
agents to treatment of cancer has attracted attention. Platinum-
based drugs are considered among the most successful clinical-
ly administered anticancer chemotherapeutic agents. Improving
efficiency and reducing the unwanted side effects of cis-
diammine dichloroplatinum (II) (cis-platin) is the ultimate goal
of many lines of researches in the field of metal-based drugs.

Emergence of cis-platin and other therapeutic Pt(I) com-
pounds, as anticancer drugs have resulted in extensive re-
search with the aim of developing novel compounds with both
less toxicity and more selectivity towards cancer cells [16].
The undesirable side effects of applying cis-platin in treatment
of cancer include nephrotoxicity which results from damage
to renal tubular epithelial cells and can lead to renal electrolyte
wasting [17, 18].

HSA is a flexible molecule and binding of one drug can
change the binding of other drugs. Hence, studying the inter-
actions between HSA and drug molecules is necessary and
informative. The current study focused on biophysical char-
acterization of interactions between a newly designed Pt(II)
compound (2,2"-Bipyridine-3,3'-dicarboxylic acid, Oxalato
Platinum(II), Fig. 1) and HSA using spectroscopic techniques.
Also, the binding site of the Pt(Il) complex on HSA was pro-
posed using competitive study by applying various site
markers of warfarin, digitoxin and ibuprofen.

Materials and Methods
Materials

Human serum albumin (HSA) was obtained from
Sigma. The Pt(II) complex was prepared in our

Fig. 1 The 2,2'-Bipyridine-3,3"-dicarboxylic acid, Oxalato Platinum(II)
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laboratory based on a previously published procedure
[19]. All other reagents and materials were of analytical
grade. The site markers warfarin, ibuprofen and digitox-
in were purchased from Danial Teb. The solutions were
prepared using double-distilled water. Besides, 5 mM
NaCl was employed as a solvent. HSA concentration
was calculated using spectrophotometric methods and a
molecular absorption coefficient of €'°% at 278 nm=
53 M ' em! [20].

Fluorescence Measurements

Fluorescence intensities were determined employing a Cary
Spectrofluorometer. The excitation and emission wavelengths
were 295 and 300-500 nm, respectively. The fluorescence
intensities were measured at 25 and 37 °C using a fluores-
cence cuvette of 1 cm path length. The excitation and emission
slits were set at 5 nm. The fluorescence intensity of the highest
concentration of Pt(Il) complex was measured at 295 nm,
which was negligible. Furthermore, 5 uM HSA was applied
in fluorescence studies. Moreover, competitive studies were
performed in the presence of 5 uM warfarin, digitoxin, and
ibuprofen as site markers.

CD Measurements

CD measurements were performed on an Aviv
Spectropolarimeter model 215. Secondary structure of
5 uM HSA in the presence of 0, 49.3, and 147.9 uM of
Pt(Il) complex was monitored in the far UV region (200—
260 nm) using a 0.1 cm path length cuvette. Far-UV CD
results were converted to molar ellipticity [0] (deg cm2
dmol—1) according to [O]A=(100x MRW X 0, / cl),
where 113.7 is the mean amino acid residue weight
(MRW) for HSA., and O, ¢, and 1 are the observed
ellipticity (deg) at each wavelength, HSA concentration
(mg/ml), and the length of the light path (cm), respective-
ly. CDNN software was used to deconvolute the CD
spectra and predict the content of HSA secondary struc-
ture elements upon interaction with Pt(I) complex at dif-
ferent concentrations.

Thermal Denaturation Study

The thermal denaturation of 16.4 uM HSA in the presence
and absence of 106.6 uM Pt(Il) complex was analyzed using a
UV-Visible spectrophotometer CARY-100-Bio. Changes in
absorbance at 280 nm of reference and sample cuvettes in
the temperature range were recorded. The temperature was
programmed to rise from 20 to 90 °C.
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Results and Discussion
Fluorescence Studies

Trp-214 in the hydrophobic cavity of subdomain IIA, is re-
sponsible for HSA intrinsic fluorescence. Interaction of HSA
with various ligands can alter the fluorescence emission of
Trp-214. This also occurs during subunit association, confor-
mational transition, or substrate binding [20]. Effect of adding
various concentrations of Pt(I) complex on HSA fluorescence
emission at different temperatures of 25 and 37 °C, has been
shown in Fig. 2a, b.

Results showed a decrease on fluorescence intensity of
Trp-214 after addition of the Pt(II) complex which suggests
an interaction between Pt(Il) complex and HSA (Fig. 2C).
However, since the maximum emission wavelength presented
no change in the constant concentration of HSA, it can be
understood that the interaction with HSA may quench the

HSA Trp-214 intrinsic fluorescence without changing the lo-
cal dielectric environment [19-21].

A quenching effect occurs generally through a static or a
dynamic mechanism, which are distinguishable by their dis-
tinct dependency on temperature. In the static mechanism,
raising the temperature induces a reduction in quenching con-
stants. Whereas, in dynamic quenching, a reversed phenome-
non is observed. Raising temperature accelerates the diffusion
of molecules and therefore induces the dissociation of weakly
bound complexes. Consequently, greater numbers of mole-
cules face collisional quenching and the quenching rate con-
stant increases [21].

To discern the quenching mechanism type, the fluores-
cence quenching results are evaluated using the Stern—
Volmer equation (Eq. (1)):

L= 14 Kal0 1)

Fig. 2 a Fluorescence spectra of a
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where F,, corresponds to the fluorescence emission intensity of
HSA alone, and F is the fluorescence intensity of HSA in the
presence of the quencher (Pt(I) complex). K., and [Q] refer
to the Stern—Volmer quenching constant and the quencher
concentration, respectively.

As it can be seen in the Fig. 3, the Fo/F - [Q] plots demon-
strate a positive deviation. The non-linear form of the Stern—
Volmer plot may be due to either the higher concentration of
the ligands surrounding the fluorophore or because of a com-
bined form of static and dynamic quenching [21].

To have an estimation of the Stern—Volmer quenching con-
stants values at the two tested temperatures, the Modified
Stern—Volmer equation was employed (Eq. (2)) [21, 22]:

Fo_ Fo _ 1 1 1
AF Fo—F faKSV [Q} fa

(2)

where f, refers to the quencher-accessible portion of the initial
fluorescence, which is not necessarily equal to the portion of
tryptophan residues accessible to the quenching.

According to Fig. 4, Fo/(Fy — F) and the reciprocal quench-
er concentration (1/ [Q]) have a linear relationship. Values of
intercept and slope of the plot were used to calculate the f, and
Kgv, respectively.

The f; values of HSA at both temperatures in the presence
of the Pt(I) complex were calculated to be 1.54 (at 25 °C) and
1.17 (at 37 °C), respectively, meaning that the complex affects
99.2% (at 25 °C) and 98.4% (at 37 °C) of protein fluorophores
(Fig. 4). The Stern-Volmer quenching constants values have
been shown in Table 1. According to the Table 1, the values of
Kgsv have an obvious dependency on temperature.
Furthermore, results show that raising the temperatures from
25 to 37 °C, led to a decrease in Kgy value. This phenomenon
demonstrates that the static quenching mechanism has the
highest contribution in quenching.

Analysis of the fluorescence quenching results was per-
formed to determine the binding parameters of Pt(II) complex
to HSA. Calculation of the number of binding sites (n) and the

12
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FolF

0 10 20 30 40 50 60 70 80
[Q] (mm)

Fig. 3 Effect of different concentrations of the Pt(Il) complex on HSA
maximum fluorescence emission at 25 °C (e) and 37 °C (o)
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apparent association constant K was carried out employing the
following equation (Eq. (3)) [22]:

log [FO—;F] = logK + nlog[Q] (3)

As it can be seen in Fig. 5, the Log [(Fy—F) / F] as a
function of log [Q] plot displayed a straight line. Therefore,
K and n values were determined using the Y-axis intercept and
the slope, respectively. K and n values for Pt(II) complex were
calculated at both temperatures and shown in Table 1. It can be
seen in the Table 1 that the n values were equal to 1.5 and
1.3 at 25 °C and 37 °C, respectively.

Furthermore, the reduction in binding constants upon in-
creasing the temperature suggests that weak interacting forces
were involved in the process of complexation between Pt(II)
complex and HSA, which even weakens at higher temperatures
[11]. Values of K obtained for the complex—HSA shows that in
comparison with the other strong complexes of ligand-protein,
the binding at Pt(I) complex—HSA has high affinity [23].

It has been reported that HSA has three homologous o-
helical domains, namely domains I, II and III. Hydrophobic
cavities of subdomains IIA and IIIA are the main ligand bind-
ing sites of albumin [4]. Albumin has 2 major binding sites for
drug, named Sudlow’s sites I and II. According to X-ray data,
drug sites I and II should be in subdomains IIA and IIIA,
respectively. Also, the hydrophilic cavity located in
subdomain IB, which can be referred as site 111, is considered
as a possible protein pocket for small molecules. Warfarin
bind specifically to serum albumin site I, whereas ibuprofen
bind to site II and digitoxin bind to Site III [24].

In order to determining the binding site of Pt(Il) complex
on HSA, site marker competitive tests were performed using
warfarin, ibuprofen and digitoxin as site markers of sites I, II
and III, respectively. In this way, Pt(Il) complex was added to
a cuvette containing the site markers and HSA. Based on the
results, addition of the Pt(II) complex to the cells holding HSA
and warfarin, HSA and ibuprofen and HSA and digitoxin
caused a decrease in the fluorescence intensity of HSA (data
were not shown).

Furthermore, the fluorescence quenching data (Eq. (3)) was
applied to determine the values of number of binding site and
binding constants (K) of the Pt(II) complex on the protein in
the presence of the site markers of warfarin, digtoxin, and
ibuprofen (Fig. 6, Table 1).

Evaluating the changes in the complex binding constants
on protein when the site markers were present, led to the
following conclusion: K (HSA-Pt) >>K (HSA—war)-Pt, in-
dicating that in the presence of warfarin, the binding affinity
between HSA and Pt(Il) complex significantly decreased
(around 1990 fold). Whereas, in the presence of other site
markers of ibuprofen and digiotoxin, the values of binding
constants were changed and decreased; however, it can be
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Fig. 4 The modified Stern— 6
Volmer plot of HSA quenching by
Pt (Il) complex in 5 mM NaCl 5 |
solution a.t 25 (.) and 37 °C (O) y =29.595x + 0.4518 ®
The best linear plots of Fy/ Fy — F R? = 0.9922
against 1 / [Q] were drawn based 4 '
on Eq. (2) at 25 (e) and 37 °C (0)
S 3
<
2
2 -
)
1 y =39.437x + 0.1587
R?=0.984
0 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

seen the highest decreasing in binding affinity of Pt(II) com-
plex to the protein in the presence of warfarin (Table 1). So, it
might be concluded that Pt(IT) complex and warfarin competes
for binding at the same binding site on the protein. Therefore,
the binding site of the complex on HSA can be proposed as
same as warfarin binding site or Sudlow’s sites I, which is
located in subdomain IIA.

According to the results of Table 1, ibuprofen and digitoxin
did not occupy all the protein binding sites. Therefore, the
Pt(II) complex is also able attach to the protein indicating that
Pt(II) complex, digitoxin, and ibuprofen bind to various posi-
tions on the HSA (Fig. 6). These findings could be important
throughout chemotherapy in obtaining the proper arrangement
of using multiple drugs.

The n values for all three binary and ternary systems were
calculated to be around 1, which indicates that the number of
binding site of Pt(IT) complex on the protein did not changed
in the presence of various site markers (Table 1 and Fig. 6).

Considering the dependency of binding constant on the
temperature, analysis of thermodynamic parameters at var-
ious temperatures was carried out to determine the active
forces dominating the interaction. Generally, van der

1/[Pt complex] (uM)*

Waals, hydrogen bond, hydrophobic, and electrostatic in-
teractions take part as forces establishing the protein inter-
actions with small substrates [25]. The principal evidences
to determine binding mode are the thermodynamic param-
eters including the standard enthalpy (AH®) and entropy
(AS®) changes of binding reaction. The standard Gibbs
free energy change (AG®), AH® and AS° were calculated
using the van’t Hoff equation (Egs. (4-5)) and listed in
Table 1 [26]:

AH®  AS°
K=-20 2> 4
In RT + R (4)
AG® = AH*~TAS® = —RT InK (5)

where R is the gas constant.

Ross and Subramanian [27] performed the characteriza-
tion of the magnitude and sign of the thermodynamic pa-
rameters corresponded to different types of interactions
that are contributing in protein association processes. For
a hydrophobic interaction, usually both AS° and AH® have
positive signs, whereas in the case of Van der Waals forces
and hydrogen-bonds in low dielectric media, they have

Table1 Calculated binding parameters of Pt(IT) complex to HSA with and without site markers of digitoxin (dig), ibuprofen (ibu), and warfarin (war) at
25and 37°C

[dig] (uM)  [ibu] (uM)  [war](uM) T(CC) n K(x10°M")  Ksy(MH  AG® (kJ/mol) AH® (kJ/mol)  AS° (kJ/mol.K)
0 0 0 25 1.5 199 0.01 —41.7 —249.1 —0.6

0 0 0 37 13 12 0.004 -34.8

5 0 0 25 1.1 02 0.0767 -30.1 - -

0 5 0 25 1.3 09 0.0554 -32.4 - -

0 0 5 235 1 0.01 0.026 -23.7 - -
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r 15

log [(Fo-F)/F]

-4 -4.2 -4.4 -4.6 -4.8 -5 -5.2 -5.4 -5.6
log[Pt] (M)
Fig. 5 The best linear plot of log F-F/F against log [Pt] based on the Eq.
(3) at 25 (®) and 37 °C (o). The slope and the vertical intercepts can be
applied to calculate the values of K and # related to binding of the Pt(II)
complex to HSA

negative signs [28]. Furthermore, formation of the specific
electrostatic forces in an aqueous solution between ionic
species has a positive AS® value and a small (almost zero)
negative AH® value [29].

AG?® with negative value demonstrates that the process of
forming interaction between Pt(Il) complex and HSA is spon-
taneous (Table 1). Furthermore, positive AS® along with pos-
itive AH® are indicators for an entropy-driven and endother-
mic process. This data indicates that there is a hydrophobic
interaction between HSA and Pt(IT) complex [30]. Also, The
negative values of AG® for all reactions (HSA-Pt(II) complex)
in the absence and presence of various site markers of warfa-
rin, digitoxin and ibuprofen, implies that all processes are
spontaneous. Moreover, the value for both AS° and AH°
van der Waals forces and hydrogen —bonds.

508
y = 1.0906x + 5.2689
1 o4 R? = 0.995
=
R
L
= 1o
on
=
y = 0.9284x + 4.1446
104 R? = 0.9842 = 1.200x + 5.9479
=0.9862
0-8 s
4.2 4.4 4.6 4.8 5 5.2
log [Pt(II) complex]

Fig. 6 The best linear plots of log Fo— F / F against log [Pt(II) complex]
based on Eq. (3) in the presence of site markers of warfarin (#), ibuprofen
(o) and digitoxin (e) at 25 °C

@ Springer

Circular Dichroism Studies

CD analysis can be used for sensitive monitoring of confor-
mation alterations in the protein interacting with ligands [31].
Results in Fig. 7 implies «-helical structure of HSA by pre-
senting two negative bands in the UV region at 208 nm (7t —
7%) and 222 nm (n — 7t¥). According to the published reports,
HSA mostly comprises of «-helical structures (roughly 60%)
and no [3-sheet content [32].

Results of far-UV CD analysis of HSA in the absence and
presence of 0, 49.3 and 147.9 uM Pt(II) complex at 25 °C are
shown in Fig. 7. According to the results, native HSA is com-
posed of 50.6% «-helix, 25.8% {3-sheet, and 22.8% random
coil. Based on the results presented in Fig. 7, the interaction
with Pt(IT) complex did not significantly change in HSA sec-
ondary structure content. As it can be seen from CD results,
addition of Pt(II) complex with concentrations of 49.3 and
147.9 uM at 25 °C, induced no significant changes in the
secondary structure of the protein.

It is known that the formation of HSA-drug complexes
caused this phenomenon. Nevertheless, similar shapes of the
CD spectra from HSA and HSA interacting with drugs in all
systems suggested that HSA structure was still mostly «-helical.

Thermal Denaturation Analysis

The effect of Pt(II) complex on the thermal stability of HSA
was investigated by the thermal denaturation analysis of HSA
using temperature scanning spectroscopy (Fig. 8a). Pace anal-
ysis of thermal denaturation plots can be used to calculate the
values of AG®,;5 (the standard Gibbs free energy of protein at
25 °C) and transition temperature (T,,) [14]. The standard
Gibbs free energy of denaturation (AG®) is a standard of con-
formational stability of a globular protein and can be deter-
mined using two-state theory:

Native(N)<Denatured(D).

The process was defined as a one-step denaturant-depen-
dent based on the two-step theory.

It is possible to discern the process by measuring the
changes in the absorbance, considering the two-state mecha-
nism for denaturation of protein via temperature. Thus, calcu-
lation of the fraction of denatured protein (Fy) and also the
equilibrium constant (Kp) is performed using the following
equations (Egs. 6 and 7):

YN_Yobs
F = 6
LI G 7 (6)
Fy
Kp = 7
P 1-Fy, ™
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Fig. 7 Results of far-UV-CD 40000

analysis of (a) 5 uM pure HSA; in
the presence of (b) 49.3 uM and
(c) 147.9 uM Pt(Il) complex.at
25°C

30000

20000

10000

[0] (m deg cm? M?)

-10000

240 250 260

-20000

where Yy and Yp, correspond to values of Y characteristics of
a completely native and denatured protein conformations, re-
spectively, and Y, is the observed variable parameter. The

A (nm)

(AG®°p) for HSA denaturation is obtained using the equation
below (Eq. (8)) [33]:

standard Gibbs free energy change for denaturation process ~ AG’p = —RTInK (8)
Fig. 8 a Profiles of thermal 3
denaturation of (a) 16.43 uM pure a
HSA and (b) HSA interacting 2.5
with of 106.6 uM Pt(II) complex. a
b Standard Gibbs energy versus g 2
temperature of HSA in the ab- & i
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Pt(II) complex 2 1
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R%=0.9881

igh\’\{ 350 355
(

S\Q\Q‘Q\@\O

y=-0.9701x+ 324.07

R%=0.9941
[ ]

T (K)

@ Springer



834

J Fluoresc (2019) 29:827-835

Table2  The values of AG®,5 and T, for 16.4 uM non interacting HSA
and HSA interacting with Pt(II) complex

AG®,5 (kJ/mol) Tm (°C)
HSA 68.7 69
HSA + Pt 34.9 60

The AG®p values change in a linear way with T in a restricted
region (Fig. 8b). Presumption that this linear dependency con-
tinues to 25 °C and employing a least-square analysis is the most
straightforward way to estimate the conformational stability of
protein at room temperature (AG®,s). AG®,5 was calculated and
presented in Table 2. Values in the table also shows that
interacting with Pt(I) complex leas to a change in T,,, of HSA.
It is evident that AG°®,5 values are reduced like T,,, values of the
protein. Therefore, it may be concluded that thermal stability of
the protein may reduce in the presence of the Pt(I) complex.

Conclusion

Studying the quenching of relative fluorescence of HSA was
demonstrated to be an important strategy to obtain improved
insights about the critical and specific changes in the protein.
Fluorescence measurement analysis proved the potent capa-
bility of Pt(II) complex in quenching the intrinsic fluorescence
of HSA. The obtained results indicated that interaction of the
newly designed drug (Pt(I) complex) with HSA led to sub-
stantial changes in the thermal stability of the protein and
minor reductions in the protein x-helical content. Here, prop-
erties of Pt(Il) complex-HSA binding in the absence and pres-
ence of three site markers (warfarin, digitoxin and ibuprofen)
was investigated using multiple spectroscopic techniques.
Results indicated that using easy spectroscopic approaches,
we could detect the binding sites of a platinum complex on
HSA without using costly or lengthy crystallographic work.

Because drug (designed ligand) binding could cause dam-
aging effects on the protein through conformational changes,
results and information achieved regarding the interaction of
the Pt(II) complex with HSA can provide valuable informa-
tion for developing enhanced metal anticancer complexes
with less side effects in the future.
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