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Interactions between eight in-house synthesized aminoquinolines, along with well-known chloroquine, and
human serum albumin (HSA) have been studied by fluorescence spectroscopy. The synthesized
aminoquinolines, despite being structurally diverse, were found to be very potent antimalarials. Fluorescence
measurements indicate that three compounds having additional thiophene or benzothiophene substructure
bind more strongly to HSA than other studied compounds. Competitive binding experiments indicate that
these three compounds bind significantly stronger to warfarin compared to diazepam binding site. Fluorescence
quenching at three temperatures (20, 25, and 37 °C) was analyzed using classical Stern-Volmer equation, and a
static quenching mechanism was proposed. The enthalpy and entropy changes upon sulphur-containing
compound–HSA interactions were calculated using Van't Hoff equation. Positive values of enthalpy and entropy
changes indicate that non-specific, hydrophobic interactions are themain contributors to HSA–compound interac-
tion. Molecular docking and calculated lipophilicity descriptors indicate the same, pointing out that the increased
lipophilicity of sulphur-containing compounds might be a reason for their better binding to HSA. Obtained results
might contribute to design of novel derivatives with improved pharmacokinetic properties and drug efficacy.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Human serum albumin (HSA) is single-chain, non-glycosylated
polypeptide that contains 585 amino acids with molecular weight of
66,500 Da [1] (Fig. 1). The polypeptide chain forms a heart-shaped
structure that is composed of three structurally similar α-helical
domains (I, II and III) and each of them consists of two subdomains (A
and B). HSA has a role in osmotic pressure and pH regulation, sequester-
ing oxygen free radicals, inactivating various toxic lipophilicmetabolites
and transport of endogenous (fatty acids, hormones, bile acids, amino
acids) and exogenous compounds (drug molecules and nutrients). It is
shown that HSA (concentration in serum approximately 0.6 mM [1])
is a major binder of acidic drug molecules in plasma, unlike alpha-1-
acid glycoprotein (AGP, concentration in serum approximately 20 μM
[2]) which binds mainly basic drug molecules. Also, negatively charged
compounds bindmore strongly to HSA than positively charged ones [3].

Most drugs bind primarily to two specific binding sites on HSA.
The site I (warfarin binding site) and site II (also called the indole-
benzodiazepine site) are located in domains IIA and IIIA (Fig. 1), respec-
tively [5]. Ligands that strongly bind to site I are dicarboxylic acids and/
or bulky heterocyclic molecules with a negative charge localized in the
middle of themolecule. Such ligands are warfarin, azapropazone, phen-
ylbutazone, etc. Low stereoselectivity of this site toward small organic
molecules might be ascribed to its flexibility. Ligands that bind to site
II are generally aromatic carboxylic acids, with a negative charge located
distant from the hydrophobic region of the molecule, like diazepam,
diflunisal, and ibuprofen. Sudlow site II is smaller, but topologically
similar to site I. Site II appears to be less flexible, since ligand binding
often shows stereoselectivity, and is strongly affected by small structural
modifications of the ligand. However, these structural features are not
strict prerequisites for the site I and site II binding, since numerous
ligands are known to bind to both drug binding sites, though with
different affinities [6].

The nature andmagnitude of HSA–drug interactions affect the phar-
macological behavior and side effects of a drug. Strong binding between
HSA and drug decreases the concentration of free drug in the blood, and
thus decreases the pharmacological effect of a drug (only free drug in
the tissues is able to bind to the target receptor). Weak binding leads
to a short drug lifetime and its' poor tissue distribution. Connection
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between free drug concentration in plasma and free drug concentration
in tissues can be used in designing the administration regimen dose and
establishing the safety margins [7]. As drug binding to HSA and plasma
proteins (PP) can be affected by somediseases, information about drug–
PP bindingmight be useful in therapy [5]. Hence, HSA–drug interactions
studies provide important information which can be used in pharma-
ceutical industry in pharmacokinetic (PK) and pharmacodynamic drug
profiling.

Interaction between drugs and HSA can be studied by different
instrumental techniques: Fourier transform infrared spectroscopy
(FTIR), nuclear magnetic resonance spectroscopy (NMR), isothermal

titration calorimetry (ITC), UV–Vis and fluorescence spectroscopy, circu-
lar dichroism spectroscopy (CD), high-performance liquid chromatogra-
phy (HPLC), equilibrium dialysis etc. [3,8–21].

Fluorescence measurements are often used to study drug to protein
binding because the variety of information on the binding mechanism,
mode, constants, binding sites, intermolecular distances, etc., can be eas-
ily obtained. HSA, as the majority of other proteins, has three
fluorophores: tryptophan, tyrosine, and phenylalanine, but its' fluores-
cence almost exclusively originates from tryptophan 214 alone
(Trp214, Fig. 1). Phenylalanine has a very low quantum yield and the
fluorescence of tyrosine is almost entirely quenched if it is near to an
amino group, a carboxyl group, or a tryptophan. As binding of a drug
to HSA occurs, the microenvironment of Trp214 is changed, and the
changes of HSA intrinsic fluorescence intensity are induced [22].

Although X-ray diffraction is used as the golden standard for deter-
miningprotein and protein-ligand complexes structures, computational
methods, like molecular docking, are nowadays often used for studying
the protein-ligand interactions as well. In cases where structure of the
protein iswell known, like the structure of HSA is, the binding of various
small molecules to the protein binding site can be successfully investi-
gated using molecular modeling.

Chloroquine (CQ) is drug commonly used in the prevention and
treatment of malaria and in the treatment of rheumatoid arthritis and
influenza. CQ is one of the oldest, cheapest, and easily available synthetic
agents used to cure malaria. No drugs have been found possessing the
same pharmacological profiles as CQ. Thus, although CQ-resistance
against different strains of malarial parasite strains worldwide was
reported, many research groups are continuously working on the CQ
core structure modification to get new efficient drug [23].

In the search for novel antimalarials with improved PK profile, we
explored interactions of CQ and our eight derivatives of CQ (Fig. 2)
with HSA using spectroscopic and molecular modeling techniques.
The synthesized compounds, despite being structurally diverse, possess
aminoquinolinemoiety as pharmacophore and they have been found to
be very potent nontoxic antimalarials in vitro and in vivo [24–27]. It is
expected that obtained results will be valuable for the design of novel
derivatives with improved PK properties and drug efficacy.

Fig. 1. Crystal structure of HSA (PDB ID 1BJ5) and the location of major binding sites. The
image is made in Chimera [4].

Fig. 2. Structures of chloroquine (CQ) and compounds 1–8.
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2. Experimental

2.1. Material and Methods

HSA was purchased from Sigma-Aldrich. Phosphate buffered
saline (pH 7.40; 30 mM; PBS) was used to maintain the physiological
pH value (pH 7.40). Potassium dihydrogen phosphate, disodium hy-
drogen phosphate, sodium chloride, potassium chloride used for PBS
preparation, as well as chloroquine diphosphate, were purchased
from Sigma-Aldrich. All solutions were prepared with Millipore
water.

Fluorescence spectrawere recorded onHoriba Jobin Yvon Fluoromax-
4 spectrometer, equipped with Peltier element and magnetic stirrer for
cuvette, using quartz cell with 1 cm path length and 4 mL volume. An
excitation wavelength was 280 nm, with 5 nm slits; emission spectra
were recorded in 300–450 nm wavelength range, with 5 nm slits, and
0.1 s integration time. Background PBS signal was subtracted from each
spectrum.

UV–Vis spectra were recorded on Thermo scientific spectrophotom-
eter evolution 60s using quartz cell with 1 cmpath length and 4mL vol-
ume. All spectra were recorded against the corresponding blank (PBS)
in the 300–450 nm wavelength range, with 500 nm/min scan speed.

pH Values were potentiometrically measured using Crison pH-
Burette 24 2S equipped with a micro-combined pH electrode (Crison
pH electrode 50 29). The pHelectrodewas calibrated by standard Crison
buffer solutions (pH 4.01, 7.00, and 9.21).

2.2. Fluorescence and UV–vis Spectra

Stock solutions of HSA (c= (1.03–1.80) × 10−4 M) and CQ·2H3PO4

(c = 5.82 × 10−4 M) were prepared in 30 mM PBS, pH 7.40, and kept
in the refrigerator. Stock solutions of 1 (c = 2.67 × 10−3 M), 2 (c =
2.19 × 10−3 M), 3 (c = 1.90 × 10−3 M), 4 (c = 1.37 × 10−3 M), 5
(c = 1.26 × 10−3 M), 6 (c = 9.46 × 10−4 M), 7 (c = 8.12 × 10−4 M),
8 (c = 7.82 × 10−4 M), warfarin (c = 1.84 × 10−3 M) and diazepam
(c = 2.69 × 10−3 M) were prepared in DMSO.

For HSA–compound interaction studies, HSA solution was freshly
prepared from the stock, by dilution with a buffer (HSA concentration
was kept constant, c=5×10−7 M). Then the HSA solutionwas titrated
with 0.56–2.58 μL increments of compounds' stock solution going from
1 to 15–16 compound/HSAmolar ratio. During the titration, the solution
was stirred and kept at constant temperature (t1 = 20.0 ± 0.1 °C
(293 K), t2= 25.0± 0.1 °C (298 K), and t3= 37.0± 0.1 °C (310 K), reg-
ulated by Peltier element). The equilibration time between increment
additions was 15 min.

For displacement experiments, HSA and site specific probes (warfarin–
Wf and diazepam–Dz) were freshly prepared from the stock, by dilution
with a buffer (HSA and site probe concentrations were kept constant
(c = 5 × 10−7 M), the equilibration time was 60 min). Then the HSA–
Wf/Dz solution was titrated with 0.56–0.79 μL increments of
compounds' stock solution going from 1 to 15 compound/complex
(HSA–Wf/Dz) molar ratio. During the titration, the solution was stirred
and thermostated (t = 25.0 ± 0.1 °C (298 K)), regulated by Peltier
element). The equilibration time between increment additions was
15 min.

2.3. Synthesis and Characterization

The syntheses and characterization of 1, 2, and 4–8 have been
previously reported [24–27].

2.3.1. N-[4-(5-Fluoro-1-Benzothien-3-Yl)Benzyl]-N′-Quinolin-4-Ylbutane-
1,4-Diamine (3)

2.3.1.1. General Information. IR spectrum was recorded on a Thermo-
Scientific Nicolet 6700 FT-IR diamond crystal spectrophotometer. 1H

and 13C NMR spectra (SM, Fig. S1) were recorded on a Bruker
Ultrashield Advance III spectrometer (at 500 and 125 MHz, respective-
ly) in CDCl3 as solvent, using TMS as the internal standard. Chemical
shifts are expressed in ppm (δ) values and coupling constants (J) in
Hz. ESI-MS (HRMS) spectrum of the synthesized compound was ac-
quired on a Agilent Technologies 1200 Series instrument equipped
with Zorbax Eclipse Plus C18 (100 × 2.1 mm i.d. 1.8 μm) column and
DADdetector (190–450 nm) in combinationwith a 6210 Time-of-Flight
LC/MS instrument in positive ion mode. The sample was dissolved in
MeOH (HPLC grade). The selected values were as follows: capillary
voltage 4 kV; gas temperature 350 °C; drying gas 12 L/min; nebulizer
pressure 45 psig; fragmentator voltage: 70 V. Compound was analyzed
for purity (HPLC) using an Agilent 1200 HPLC system equipped with
Quat Pump (G1311B), Injector (G1329B) 1260 ALS, TCC 1260
(G1316A) and Detector 1260 DAD VL+ (G1315C). HPLC analysis was
performed in two diverse systems (SM, Fig. S2): Method A: Zorbax
Eclipse Plus C18 4.6 × 150 mm, 1.8 μm, S.N. USWKY01594 was used as
the stationary phase. Eluent was made from the following solvents:
0.2% formic acid in water (A) and methanol (B). The analysis was per-
formed at the UVmax of the compound (250 nm) tomaximize selectiv-
ity. Compound was dissolved in methanol, final concentration was
~1 mg/mL. Flow rate was 0.5 mL/min. Compound 3 was eluted using
gradient protocol: 0–1 min 95%A, 1–6 min 95%A → 5%A, 6–11 min
5%A, 11–14 min 5%A → 95%A, 14–17 min 95%A. Method B: Zorbax
Eclipse Plus C18 4.6 × 150 mm, 1.8 μm, S.N. USWKY01594 was used as
the stationary phase. Eluent was made from the following solvents:
0.2% formic acid in water (A) and acetonitrile (B)·The analysis was per-
formed at the UVmax of the compound (330 nm) tomaximize selectiv-
ity. Compound was dissolved in methanol, final concentration was
~1 mg/mL. Flow rate was 0.5 mL/min. Compound 3 was eluted using
gradient protocol: 0–1.5 min 95%A, 1–5 min 95%A → 5%A, 5–16 min
5%A, 16–18 min 5%A→ 95%A, 18–20 min 95%A.

Reaction scheme:

2.3.1.2. Synthesis.Aldehyde 9 [28] (158mg, 0.615mmol) and amineAQ8
[27] (199 mg, 0.923 mmol) were dissolved in MeOH/CH2Cl2 mixture
(v:v; 2:1, 24 mL), glac. AcOH (53 μL, 0.92 mmol) was added, and the
mixture was stirred at r.t. After 2 h, NaBH4 (139.6 mg, 3.690 mmol)
was added, and stirringwas continued for another 12 h. Solvent was re-
moved under reduced pressure, and the residue dissolved in CH2Cl2. The
organic layer was washed with 2 M NH4OH and then extracted with
CH2Cl2. The combined organic layers were washed with brine and
dried over anh. Na2SO4. Finally, the solvent was evaporated under re-
duced pressure. The product was purified using column chromatogra-
phy (dry-flash, SiO2, eluent hexane/EtOAc gradient 1/1 → EtOAc,
EtOAc/MeOH gradient 95/5→ 4/6 andflash, Biotage SP1, NH column, el-
uent DCM/hexane gradient 8/2 → DCM, DCM/MeOH gradient 95/5
→ MeOH). Final product (3) was obtained as a pale yellow oil
(140 mg, 50%). IR (ATR): 3241 w, 3067 w, 2929 w, 2855 w, 1579s,
1538 m, 1494 w, 1437 m, 1398 w, 1373 w, 1339 w, 1251 w, 1194 w,
1126 w, 763 w, 650 w, 542w cm−1. 1H NMR (500 MHz, CDCl3, δ):
8.55 (d, J = 5.2, H-C(2′)), 7.99–7.95 (m, H-C(8′)), 7.83 (dd, J1 = 4.8, J2
= 8.7, H-C(7)), 7.75–7.72 (m, H-C(5′)), 7.62–7.57 (m, H-C(7′)), 7.57–
7.54 (m, H-C(4)), 7.54–7.50 (m, 2H-Ar), 7.47–7.43 (m, 3H, 2H-Ar and
H-C(2)), 7.35–7.31 (m, H-C(6′)), 7.17–7.12 (m, H-C(6)), 6.41 (d, J =
5.5, H-C(3′)), 5.69 (bs, H-N exchangeable with D2O), 3.90 (s, 2H,
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ArCH2-), 3.38–3.32 (m, 2H, ArNHCH2-), 2.80 (t, 2H, J = 6.8,
ArCH2NHCH2-), 1.94–1.87 (m, 2H, ArNHCH2CH2-), 1.78–1.63 (m, 3H,
ArCH2NHCH2CH2- and H-N exchangeable with D2O)·13C NMR
(125 MHz, CDCl3, δ): 161.10 (d, J = 240.1), 151.02, 149.84, 148.38,
139.80, 139.09 (d, J = 9.5), 137.59 (d, J = 4.5), 135.98, 134.30, 129.87,
128.92, 128.58, 128.56, 125.62, 124.41, 123.99 (d, J = 9.5), 119.51,
118.80, 113.33 (d, J = 25.3), 108.51 (d, J = 23.5), 98.64, 53.72, 48.76,
43.20, 27.79, 26.47. HRMS: m/z 456.19032 corresponds to molecular
formula C28H26N3SFH+ (error in ppm −0.22). HPLC purity: method A
(λ = 250 nm): RT 12.236, area 95.18%; method B (λ = 330 nm): RT
7.869, area 98.42%.

2.4. Computational Details

As a proteinmodel, we used crystal structure of HSAwithR-warfarin
(PDB code 1H9Z [29]). For protein preparation, Protein Preparation
Wizard from Schrödinger Suite 2014-1 was used. All structures and
their images were prepared, visualized and hard copied using Maestro,
version 9.7, Schrödinger, LLC, New York, NY, 2014. For ligand prepara-
tion and in silico pKa prediction we used Epik, version 2.7, Schrödinger,
LLC, New York, NY, 2014. All ligands were docked as protonated, since
pKa values predictions from Epik suggested that on physiological pH,
both secondary aliphatic nitrogen and chloroquine/quinoline nitrogen
are protonated. In our docking simulations we used the binding site of
warfarin as a binding site center. Flexible ligand dockingwas performed
in Glide from Schrodinger Suite using QM-Polarized Ligand Docking
protocol. Ligands were docked in binding site using ab initio calculated
charges in water as a solvent and final pose selection was done by
glide docking score function. [Schrodinger Suite 2014-1; Glide version
5.9, Jaguar version 8.0, QSite version 5.9, Schrödinger, LLC, New York,
NY, 2014.]

Binding energies were calculated using Prime MM-GBSA [30] from
Schrodinger Suite, using variable-dielectric generalized Born model of
solvation and OPLS-2005 force field, with flexible residues on 6 Å from
ligand.

After preparation of protein model, molecules 1–3 and 8 were sub-
mitted to QM-polarized ligand docking.

Initial conformations of CQ and compounds 1–8 used for lipophilic-
ity calculations were lowest energy ones obtained in OMEGA 2.5.1.4
program [31]. Those geometries are further refined through geometry
optimizations in MOPAC2016 [32], using a semiempirical PM6 method
[33]. The values of lipophilicity descriptors are calculated using built-in
tools in VegaZZ software [34].

3. Results and Discussion

Compound3was tested in vitro for its antiplasmodial activity against
three P. falciparum strains: D6 (CQ susceptible (CQS) strain),W2 (CQ re-
sistant (CQR) strain), and TM91C235 (Thailand, a multidrug-resistant
(MDR) strain). Full method details were previously described [28]. CQ
and mefloquine (MFQ) were used as positive controls (Table 1).

As can be seen from Table 1, compound 3 is more active than CQ
against CQR W2 strain and MDR TM91C235 strain, and as active as CQ
against CQS D6 strain. In addition, it is more active against CQS D6 strain
than MFQ.

3.1. Fluorescence Spectra and Quenching Mechanism

As it is shown in the literature, the HSA\\CQ interactionswere stud-
ied by different techniques. Results obtained by affinity chromatogra-
phy, CD and UV–Vis spectroscopy showed no sign of binding [35]. The
other study by fluorescence spectroscopy, CD, and UV–Vis spectroscopy
gave Stern–Volmer quenching (KSV) constant around 1.7 × 104 at 298 K
[36].

Data published so far show the diversity inHSA\\CQ binding param-
eters. Thus we used fluorescence spectroscopy andmolecularmodeling
to study this interaction, as well as the interaction between HSA and 8
representative compounds from different classes of antimalarials syn-
thesized and studied within our research group (compounds 1–8,
Fig. 2). Changes in fluorescence spectrum of HSA upon addition of in-
creasing amounts of CQ diphosphate and compounds 1–8 are shown
in Figs. 3 and 4 and in Supplementary material (SM, Figs. S3–S11).

A significant decrease of HSA fluorescence intensity is, among all
studied compounds, observed only for 1, 2, and 3 (Fig. 4). A slight shift
of Trp214 emission maximum (~340 nm) toward lower wavelengths
(a blue shift) is observed. Other studied compounds quenched HSA
fluorescence in lesser extent (SM, Figs. S7-S11).

The change in the emissionmaximumwavelength indicates the for-
mation of a complex between HSA and compound, which creates more
hydrophobic microenvironment around Trp214.

In order to obtain accurate binding data from spectrofluorimetric
measurements, instrumental inner filter effect [37] must be taken into
account. Fluorescence intensities can be corrected according to the
Lakowicz Eq. (1) bymeasuring absorbancies at the excitation and emis-
sion wavelengths [38]:

Fcorr ¼ Fobs � 10
AexþAem

2 ð1Þ

Fig. 3. Changes in HSA (c = 1 × 10−6 M) fluorescence emission spectra upon addition of
CQ·2H3PO4 (1–15 mol equivalents) at 298 K, 30 mM PBS, pH= 7.40.

Table 1
In vitro antiplasmoidal activity of compound 3 against P. falciparum strains.

Compound In vitro antimalarial activity
(P. falciparum, IC50, nM)a,b

HepG2f IC50

(nM)
SIg HepG2/D6

D6c W2d TM91C235e

3 11 125 147 2360 214
CQh 15 (6) 595 (5) 206 (5)
MFQh 23 (6) 7 (5) 55 (5)

a Antiplasmodial IC50 values (nM) (Malaria SYBRGreen Fluorescence Assay) for isolates
and clones of P. falciparum.

b In vitro experiments for compound 3 were done as technical quadruplicates, mean
values are given.

c CQ susceptible P. falciparum African D6 clone.
d CQ resistant P. falciparum Indochina W2 clone.
e P. falciparummultidrug resistant C235 strain (Thailand).
f Hepatocellular carcinoma.
g Selectivity index.
h Control drugs: CQ as diphosphate; MFQ as HCl salt (number of replicates given in

parentheses).
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where Fcorr and Fobs stand for corrected and observed fluorescence in-
tensities, and Aex and Aem stand for absorbancies at the excitation and
emission wavelengths, respectively (UV–Vis spectra are shown on Fig.
S12).When the absorbance is lower than 0.07 at both, emission and ex-
citation wavelength, inner filter effect is negligible and such correction
can be omitted [39].

Fluorescence quenching data can be processed using Stern-Volmer
Eq. (2):

F0
F

¼ 1þ Ksv Q½ � ¼ 1þ Kqτ0 Q½ � ð2Þ

where F0 and F stand for HSA fluorescence intensities in absence (F0)
and in presence of the quencher (F), Ksv and Kq stand for Stern-Volmer
quenching constant and the quenching rate constant of protein, respec-
tively, τ0 is the average fluorescence lifetime (7.09 ns for HSA) [40], and
[Q] is the concentration of the quencher.

All studied compounds showed strong fluorescence emission peak
at λ~380 nm when excited with λ = 280 nm (SM, Figs. S3–S11). This
peak originates from unbound fraction of compounds.With the increas-
ing compound concentration, emission peak overlaps with the Trp214
emission peak in some extent. In cases of significant overlap (as for
compounds 1–3, Fig. 4 and SM, Figs. S4–S6), we collected emission in-
tensities of HSA at lower than maximal emission wavelength (λ =
λmax-20 nm) in order to monitor the emission of Trp 214 exclusively.
Attempts to use λmax of HSA (~340 nm) resulted in highly downwardly
curved Stern-Volmer plots for compounds 1–3, as shown for compound
2 (SM, Fig. S13).

The plots of F0/F= f([Q]) for compounds 1–3 at three temperatures
are shown on Fig. 5 (and for all other compounds on Fig. S14).

As can be seen in Fig. 5, Stern-Volmer plots are not linear with-
in whole studied HSA/compound molar ratio range, although the
wavelength used for calculations is 20 nm lower than the HSA
emission maximum wavelength. Still, the curvature is much less
pronounced than that shown in SM, Fig. S13. For the calculation
of binding constants, only points within linear part were used
(up to 5 mol. eq.). These data were used without correction for
the inner filter effect, since absorbancies at 280 and 340 nm were
below 0.07.

Eq. (2)was used to calculate Stern-Volmer quenching constant (Ksv)
values at three temperatures. Results are given in Table 2.

Ksv Values are the largest for compounds 1–3, which indicates stron-
ger interactions with HSA.

Concerning themechanism, fluorescence quenching could be classi-
fied as static or dynamic [38]. Dynamic quenching is highly dependent
upon diffusion. Higher temperatures result in faster diffusion and
hence larger quenching constant values. On the other hand, higher tem-
peratures will typically result in the dissociation of weakly bound com-
plexes, and therefore decrease the quenching constant in the static
process.

For compounds 1, 3, 4, and 6, as well as for CQ, Ksv values decrease
with increasing temperature (Table 2), which is an indication of static
quenching mechanism. Another indication of static quenching mecha-
nism is the value of Kq, which is for all studied compounds significantly
higher than the maximum scatter collision quenching constant value
(2 × 1010 M−1 s−1) [41].

Fig. 4.Changes inHSA (c=5×10−7M) fluorescence emission spectra upon addition of: a) 1, b) 2, and c) 3, in growing concentrations indicated on the graphs; T=298 K, 30 mM PBS,
pH = 7.40.
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Downward curvature in Stern-Volmer plots indicates that the tryp-
tophan residues are not fully accessible to the drug [42]. The fraction
of tryptophan residues that are buried and inaccessible to the quencher
can be determined by analyzing data using modified Stern-Volmer
equation:

F0
ΔF

¼ 1
f aKa

1
Q½ � þ

1
f a

ð3Þ

where ΔF represent the difference in fluorescence intensity of HSA in
the absence (F0) and in the presence of the quencher at concentration

[Q]. Ka represents the effective quenching constant for the accessible
fluorophores, and fa is the fraction of the accessible fluorophore.
Results are shown on Fig. 6 (and for all other compounds on Fig. S15)
and Table 3.

As shown in Table 3, all compounds have similar effective quenching
constants, but the fraction of accessible fluorophore was much higher
for 1, 2, and 3 compared to CQ and 4–8. Compounds with lower Ksv

values also have very low fas, indicating the low accessibility of Trp214
to weakly bound compounds.

Considering differences in Ka and Ksv values shown in Tables 2 and 3
it is good to point out that Ka is actually the Stern-Volmer quenching

Table 2
Stern-Volmer quenching constant (Ksv) and the quenching rate constant of protein (Kq) values at three temperatures; the average fluorescence lifetime τ0 = 7.09 ns. Ksv is obtained as a
linear regression slope while the intercept was kept constant (F0/F= 1).

T (K) 293 298 310

Comp. (Ksv ± SD) × 105 (M−1) Kq × 1013 (M−1 s−1) (Ksv ± SD) × 105 (M−1) Kq × 1013 (M−1 s−1) (Ksv ± SD) × 105 (M−1) Kq × 1013 (M−1 s−1)

CQ 0.37 ± 0.02 0.53 0.35 ± 0.01 0.49 0.27 ± 0.01 0.38
1 5.18 ± 0.07 7.30 5.14 ± 0.05 7.25 4.97 ± 0.04 7.01
2 3.65 ± 0.20 5.15 3.46 ± 0.17 4.88 8.92 ± 1.89 12.58
3 3.47 ± 0.12 4.90 3.23 ± 0.11 4.55 3.16 ± 0.10 4.45
4 0.44 ± 0.03 0.62 0.29 ± 0.04 0.41 /⁎ /⁎

5 0.24 ± 0.01 0.34 0.34 ± 0.02 0.48 0.15 ± 0.01 0.21
6 0.85 ± 0.07 1.19 0.29 ± 0.01 0.42 0.25 ± 0.03 0.35
7 0.73 ± 0.05 1.03 0.94 ± 0.03 1.33 0.77 ± 0.03 1.09
8 0.52 ± 0.04 0.74 0.58 ± 0.03 0.82 0.40 ± 0.04 0.56

⁎ Emission spectra changes upon addition of quencher were too small, and therefore Ksv could not be accurately calculated.

Fig. 5. The Stern-Volmer plot for binding of a) 1 (1–15mol. eq.), b) 2 (1–15mol. eq.), and c) 3 (1–16mol. eq.) to HSA (c=5× 10−7M) at 293, 298 and 310K; pH=7.40;λ= λmax-20 nm.
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constant of the accessible fraction of fluorophore. Compounds 1–3 have
fraction of accessible fluorophore (fa) close to 1 (Table 3), and their Ka

values are in a good accordance with Ksv values. For other studied com-
pounds that bind weakly to HSA (CQ and 4–8), Ksv values are approxi-
mately one order of magnitude lower than Ksv values of compounds
1–3. However, the fraction of accessible fluorophore for these com-
pounds is only 0.1–0.2; the effective quenching constant, Ka, has similar
or even higher values than for compounds 1–3. Total quenching con-
stant, Ksv, equals the effective quenching constant (Ka) multiplied by
the fraction of accessible fluorophore (fa): Ksv = Ka × fa.

From the molecular standpoint of view, lower binding constants of
4–8 compared to 1–3 could be due to inability of compounds 4–8 to ap-
proach Trp214 and accept the energy when Trp214 is in the excited

state. We assume that Trp214 is just partially accessible to compounds
4–8.

For themajority of compounds, Trp214 is less accessible to quencher
with increasing the temperature, so we may conclude that it becomes
more buried inside the hydrophobic interior of protein at higher tem-
peratures. Also, λmax of HSA emission shows blue shift as temperature
increases from 293 to 310 K. The emission from an exposed surface
Trp residue will occur at longer wavelengths than that from a Trp resi-
due in the protein's interior [38].

3.2. Analysis of Binding Equilibria – Binding Constant and the Number of
Binding Sites

When small molecules bind independently to a set of equivalent
sites of the protein, the equilibrium between free and boundmolecules
for the static quenching process is given by the Eq. (4):

log
F0−F

F
¼ logKb þ n log Q½ � ð4Þ

where F0 and F have the same meaning as in previous equations; Kb is
equilibrium binding constant, and n is the number of binding sites.
Linear dependence for HSA – compounds 1–3 binding is shown on
Fig. 7 (and for all other compounds on Fig. S16); the results of linear
regression analysis are given in Table 4.

Compounds 1–3 have higher logKb values than CQ and the rest of
compounds, again indicating stronger binding interactions. For com-
pounds with higher logKb values (1–3), a number of binding sites is ap-
proximately 1.

Obtained binding constant values for 1–3 indicate that these com-
pounds can be effectively transported bound to HSA to the site of

Fig. 6. Modified Stern-Volmer plot for binding of a) 1, b) 2, and c) 3 to HSA (c = 5 × 10−7 M) in 1–15/16 mol. eq. at 293, 298, and 310 K; pH= 7.40; λ = λmax-20 nm.

Table 3
Modified Stern-Volmer effective quenching constant at three temperatures.

T (K) 293 298 310

Comp. (Ka ± SD) ×
105 (M−1)

fa (Ka ± SD) ×
105 (M−1)

fa (Ka ± SD) ×
105 (M−1)

fa

CQ 3.62 ± 0.36 0.162 2.51 ± 0.13 0.192 4.97 ± 0.70 0.099
1 3.65 ± 0.13 1.214 3.84 ± 0.16 1.179 4.47 ± 0.12 1.061
2 5.05 ± 0.44 0.860 5.26 ± 0.35 0.812 5.61 ± 0.21 0.760
3 2.61 ± 0.43 1.156 2.11 ± 0.26 1.288 2.04 ± 0.18 1.312
4 7.88 ± 1.08 0.126 14.8 ± 1.34 0.071 /⁎ /⁎

5 3.43 ± 0.50 0.109 4.04 ± 0.28 0.140 4.53 ± 0.58 0.061
6 9.24 ± 1.28 0.216 3.30 ± 0.53 0.139 13.60 ± 1.24 0.063
7 7.83 ± 1.55 0.198 3.79 ± 0.24 0.361 3.66 ± 0.14 0.314
8 8.19 ± 0.86 0.148 4.45 ± 0.15 0.218 7.28 ± 0.20 0.111

⁎ Emission spectra changes upon addition of quencher were too small, and therefore Ka

could not be accurately calculated.
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biological action in the human organism. The consumption of molecule
at the site of actionwould shift the equilibrium toward releasing of new
amount of compound from compound/HSA complex.

3.3. Displacement Experiments

In order to determine the binding site on HSA, we recorded fluores-
cence spectra of complex HSA–Wf/Dz upon addition of compounds 1–3
(fluorescent emission spectra along with corresponding log-log plots
are given in Supplementary material (Figs. S17–S19)). Calculated
equilibrium binding constants for the displacement reactions are
shown in Table 5.

Binding constants shown in Table 5 compared to binding constants
for HSA–compound 1–3 interaction at 298 K (given in Table 4 and
shown in bold) indicate that compounds 1–3 bind significantly stronger
to warfarin binding site (site I) compared to diazepam binding site
(site II).

3.4. Thermodynamic Parameters of Binding

If the equilibrium binding constant of ligand to protein reaction is
measured at several temperatures, the enthalpy (ΔH) and entropy
change (ΔS) during the process can be determined according to Van΄t
Hoff Eq. (5):

lnKa ¼ −
ΔH
RT

þ ΔS
R

ð5Þ
Table 4
Binding constants and the number of binding sites at three temperatures.

T (K) 293 298 310

Comp. logKb ± SD n logKb ± SD n logKb ± SD n

CQ 3.21 ± 0.12 0.762 3.48 ± 0.11 0.815 2.72 ± 0.24 0.702
1 6.22 ± 0.07 1.088 6.10 ± 0.10 1.068 5.84 ± 0.09 1.026
2 4.91 ± 0.37 0.885 4.79 ± 0.29 0.868 4.64 ± 0.24 0.846
3 6.13 ± 0.32 1.104 6.17 ± 0.27 1.116 6.12 ± 0.22 1.110
4 2.36 ± 0.13 0.601 1.05 ± 0.25 0.404 /⁎ /⁎

5 3.10 ± 0.13 0.776 2.94 ± 0.15 0.722 2.19 ± 0.43 0.654
6 2.57 ± 0.17 0.588 3.06 ± 0.28 0.754 1.05 ± 0.28 0.416
7 2.82 ± 0.28 0.644 3.83 ± 0.05 0.800 3.64 ± 0.13 0.781
8 2.36 ± 0.15 0.588 3.19 ± 0.09 0.725 2.33 ± 0.23 0.608

⁎ Emission spectra changes upon addition of quencherwere too small, and therefore Kb

could not be accurately calculated.

Fig. 7. Log-log plot for the determination of binding constants Kb, and the number of binding sites n for binding of a) 1, b) 2, and c) 3 (1–5 mol. eq.) to HSA (c = 5 × 10−7 M) at three
temperatures.

Table 5
Binding constants and the number of binding sites for competitive reaction HSA–comp
+ Wf/Dz at 298 K.

Compound Site specific probe

Warfarin Diazepam

logKb ± SD n logKb ± SD n

1 5.01 ± 0.03 0.958 5.62 ± 0.05 1.053
2 4.11 ± 0.05 0.786 4.93 ± 0.05 0.954
3 5.44 ± 0.10 1.081 6.26 ± 0.17 1.253
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where R is the universal gas constant, T is the temperature (in K), and Ka

is the effective quenching constant at the corresponding temperature.
Results for binding of 1 and 2 to HSA, are shown in Fig. 8.

Thermodynamic parameters for compounds 1 and 2 binding to HSA
are summarized in Table 6. Attempts to plot lnKa vs. 1/T for compound 3
resulted in the line with the positive slope and poor correlation coeffi-
cient, so these data are omitted.

According to Ross' view [43], the signs andmagnitudes of thermody-
namic parameters for protein reactions can account for the main forces
contributing to protein stability. From the thermodynamic standpoint,
ΔH N 0 and ΔS N 0 implies a hydrophobic interaction, ΔH b 0 and ΔS b

0 reflects the van der Waals force or hydrogen bond formation and ΔH
b 0 and ΔS N 0 suggesting an electrostatic force.

The positive values of enthalpy and entropy changes indicate that
the hydrophobic interactions are the main contributors to HSA–1 and
HSA–2 binding. For compound 1, TΔS term is ~4 times higher than
ΔH, while this ratio is ~8 for compound 2. For both compounds, entropic
term (TΔS) dominates over enthalpic (ΔH), pointing on nonspecific
binding interactions as the main contributors to the overall binding
energy.

3.5. Molecular Docking and Lipophilicity Descriptors

To elucidate binding of investigated compounds to HSA, a series of
molecular docking experiments was performed. Close examination of
best scored binding poses showed similarities in binding positions for
investigated ligands (Fig. 9).

Chloroquine/quinoline part of the molecule resides outside of stan-
dard warfarin binding site (Site I, Fig. 1), interacting with Glu153 and
Glu252 by a salt bridge and H-bonding to side chain, respectively. This
part of the protein is largely exposed to solvent and plays role in stabi-
lization of HSA conformation. Protonated secondary nitrogen residing
in alkyl bridge is, to some extent, exposed to solvent, which can be
very significant in unbinding the ligand from HSA and low values of
binding constants. This part of the molecule is, more or less, similar in
all examined molecules. Binding positions for this part of the molecule
are similar as well.

Second part of the molecule resides in the position of 4-hydroxy-
2H-chromen-2-one part of warfarin molecule. Since these groups

lack the ability to form hydrogen bonds or their hydrogen bond
capable parts are not correctly oriented, contrary to warfarin mole-
cule, this part of the molecule is stabilized with hydrophobic inter-
actions dominantly, residing in a hydrophobic pocket formed by
following amino acid residues: Phe211, Trp214, Leu219, Leu238,
Leu260, Ala261, Ile290, Ala291. These residues generally form well
known IIA binding site of HSA [44]. Aromatic moiety of 1–6 also
binds to aromatic residues His242 and Arg257 by π-π and cation-π
interactions.

Since only sulphur-containing compounds (1–3) are strongly bound
to HSA, onemay suppose that additional S-π (or π-π) interactions stabi-
lize HSA–compound complex. Due to the lack of such feature, those in-
teraction(s) are not observed in molecular docking calculations, as
shown in ligand interaction diagram (Fig. 10). However, the interaction
between sulphur atoms and aromatic residues has been reported to be
important for the stabilization of protein structure [45–47]. Therefore,
we can assume that similar, additional stabilization is noticed here as
well, but additional theoretical studies are needed for further
conclusions.

From ligand interaction diagram we can conclude that all of the in-
vestigated compounds can share the same set of interactions in
aminoquinoline part of the molecule: π-cation interaction with
Lys195, electrostatic interaction with Glu153 and H-bond with Glu292
side chain. Also, there is a small hydrophobic pocket made by Phe157
and Ala191 and polar interaction between Ser192 and nitrogen directly
connected to aromatic ring. The compounds with aromatic moiety on
the other part of the molecule, like thiophene ring, can also form π-
stacking interactions with Arg257 and His242. However, the most
polar group, protonated aliphatic nitrogen, stays exposed to the solvent
and probably can be used as an “extraction handle” for unbinding the
compound from HSA.

With the exception of acidic compounds (negatively charged at
physiological pH), binding constants of drugs to HSA are well correlated
with their lipophilicity [3]. In order to test whether this hypothesis may
explain obtained results, we calculated several lipophilicity descriptors
(Table 7).

The paired t-test shows that the average values of descriptors for
compounds that bind to HSA more strongly (1–3) and weakly binding
compounds (4–8 and CQ) are significantly different. Increased

Table 6
Docking scores, MM-GBSA binding energies and thermodynamic parameters of compounds 1 and 2 binding to HSA calculated according to Van΄t Hoff Eq. (5), T = 298 K.

Compound Docking score (kJmol−1) MM-GBSA dG Bind (NS) energy (kJmol−1) ΔH° (kJ/mol) ΔG° (kJ/mol) ΔS° (Jmol−1 K−1) TΔS° (kJmol−1)

1 −13.38 −310.26 9.13 −31.87 137.60 41.03
2 −14.42 −313.00 4.58 −32.65 124.84 37.22

Fig. 8. The plot of lnKa vs. 1/T for the interaction of a) 1 and b) 2 with HSA.
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lipophilicity of sulphur-containing compounds might be a reason for
better HSA binding. It points on the non-specific, hydrophobic forces
as the most important ones for binding of these compounds to HSA.
The same findings are derived using Van΄t Hoff equation.

4. Conclusions

Interactions between human serum albumin (HSA) and eight in-
house synthesized aminoquinolines (1–8), potent antimalarials,

Fig. 9. The binding pose of compounds 1 (green), 2 (pink) and 3 (red) intoHSA. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version
of this article.)

Fig. 10. Ligand interaction diagram for compound 2.
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along with well-known chloroquine (CQ), have been studied in
phosphate buffered saline (pH 7.40) by fluorescence spectroscopy.
Results show that three compounds having additional thiophene or
benzothiophene substructure (1–3, Fig. 2) bind more strongly to
HSA than other studied compounds. Fluorescence quenching at
three temperatures (20, 25, and 37 °C) was analyzed using classical
Stern-Volmer equation, and a static quenching mechanism was pro-
posed. As shown in Table 3, all compounds have similar effective
quenching constants, but the fraction of accessible fluorophore was
much higher for 1, 2, and 3 compared to CQ and 4–8. For the majority
of studied compounds, Trp214 is less accessible to quencher with in-
creasing the temperature. It is thus concluded that it becomes more
buried inside the hydrophobic interior of the protein at higher
temperatures.

Effective quenching constants of compounds 1–3 are in the order
of 105 M−1 (Table 3), meaning that these compounds can be
effectively carried and stored by HSA in the human body. Binding
constants (logKb) were also calculated (Table 4). Compounds 1–3
have higher logKb values (4.91–6.22, at 20 °C) than CQ and the
rest of compounds (logKb 2.36–3.21, at 20 °C), again indicating
stronger binding interactions. For compounds with higher logKb

values (1–3), a number of binding sites is approximately 1. Compet-
itive binding experiments showed that compounds 1–3 bind signif-
icantly stronger to warfarin (site I) compared to diazepam binding
site (site II).

The enthalpy and entropy changes upon HSA–sulphur-containing
compound interactions were calculated using Van't Hoff equation.
Positive values of enthalpy and entropy changes, as well as higher
impact of entropic term (TΔS) compared to enthalpic (ΔH) point to
the non-specific, hydrophobic interactions as the main contributors to
HSA–compound interaction.

To elucidate binding of investigated compounds to HSA, a series of
molecular docking experiments was performed. Since only sulphur-
containing compounds (1–3) are strongly bound to HSA, one may sup-
pose that additional S-π (or π-π) interactions stabilize HSA–compound
complex. Due to the lack of such feature, those interaction(s) are not
observed in molecular docking calculations, as shown in ligand interac-
tion diagram (Fig. 10).

Calculated lipophilicity descriptor values, along with molecular
docking studies, point out that the increased lipophilicity of sulphur-
containing compounds might be a reason for their better binding to
HSA.

Obtained resultsmight contribute to design of novel aminoquinoline
derivatives with improved pharmacokinetic properties and drug
efficacy.
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