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Interação Proteína-Fármaco: Análises Espectroscópica e Teórica sobre a Associação
entre ASH e Derivados de 1,4-Naftoquinona
Resumo: A interação entre albumina sérica humana (ASH) e dois derivados biologicamente ativos
de 1,4-naftoquinona (FNP e FNP4Br) foi estudada por dicroísmo circular, fluorescência estacionária
e fluorescência resolvida no tempo sob condições biológicas a 305 K, 310 K e 315 K. Para oferecer
uma explicação a nível molecular, foram realizados cálculos de ancoramento molecular. Uma
associação no estado estacionário entre a albumina e as amostras foi observada por estudos
espectroscópicos. A ligação é espontânea, moderada, pode perturbar a estrutura secundária da
albumina e aumentar a hidrofobicidade ao redor do resíduo Trp-214, isso provavelmente devido a
efeitos hidrofóbicos. Parâmetros termodinâmicos e ancoramento molecular sugerem ligação de
hidrogênio e interações eletrostáticas (dipolo-dipolo) como as principais forças para a associação
ASH:FNP e ASH:FNP4Br.
Palavras-chave: Albumina sérica humana; Derivados de 1,4-naftoquinona; Espectroscopia;
Ancoramento molecular.

Abstract
The interaction between human serum albumin (HSA) and two biologically active 1,4naphthoquinone derivatives (FNP and FNP4Br) was studied by circular dichroism, steady-state and
time-resolved fluorescence under biological conditions at 305 K, 310 K and 315 K. In order to offer
a molecular level explanation, molecular docking calculations were carried out. A ground state
association between albumin and the samples was observed by spectroscopic studies. The binding
is spontaneous, moderate, can perturb the secondary structure of the albumin and increase the
hydrophobicity around the Trp-214 residue, probably due the hydrophobic effect. Thermodynamic
parameters and molecular docking results suggest hydrogen bonding and electrostatic interactions
(dipole-dipole) as the main binding forces for the association HSA:FNP and HSA:FNP4Br.
Keywords: Human serum albumin; 1,4-Naphthoquinone derivatives; Spectroscopy; Molecular
docking.
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1. Introduction
Human serum albumin (HSA) is the major
soluble extracellular protein of human
plasma, being in the concentration of 34-50
gdm-3, which accounts for 60% of the total
433

plasma protein content.1 From the structural
point of view, HSA is a single-chain, nonglycosylated polypeptide with a molecular
weight of 66,500 Da and containing 585
amino acids. The approximate threedimensional shape of HSA resembles a heart
shape, with approximate dimensions of 80 ×
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|
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80 × 30 Å, which can be described as an
ellipsoid (helical protein with turns and
extended loops) divided into three domains
(I, II, III) and each domain into two
subdomain (A and B). The presence of just
one tryptophan residue (Trp-214), located in
the subdomain IIA, which is also known as
Sudlow's site I, is the responsible for its
intrinsic fluorescent properties.2-4 HSA is
stable in the pH range of 4-9, can be soluble
in 40% ethanol, and can be heated at 60 °C
for up to 10 h without deleterious effects.5
HSA possesses a unique capability to bind,
covalently or reversibly, a significant number
of various endogenous and exogenous
compounds.6-8 Thus, drug binding influences
the distribution, excretion, metabolism, and
interaction with the target tissues and an
understanding of the features of drug
interaction with HSA can provide insights into
drug therapy and design.9 These properties,
as well as its preferential uptake in tumor and
inflamed tissue, its ready availability, its
biodegradability, and its lack of toxicity and
immunogenicity, make it an ideal candidate
for drug delivery.5
Naphthoquinones are an important class
of quinones, widely identified as functional
metabolites from various plants, microbes,
and marine organisms.10 From the structural
point of view, naphthoquinones are
naphthalene derivatives bearing two
carbonyl oxygen atoms. Even though there
are several isoforms of naphthoquinones, the
most stable and widely reported one is 1,4naphthoquinone. Based on this scaffold, a
significant class of efficacious analogs has
been discovered including simply modified
naphthoquinones, i.e. lawsone, shikonin,
juglone, plumbagin, menadione (also known
as synthetic vitamin K3) and more
complicated
derivatives
such
as
anthraquinone
doxorubicin
and
naphthoquinone epoxide napabucasin.11,12
Both synthetic and natural naphthoquinone
derivatives show a wide range of
pharmacological
activities,
such
as
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anticancer,13-15 antibacterial,16,17 antiviral,18
antioxidant19,20 and anti-inflammatory.21-23 In
this
se se,
t o
sy theti
α-pyran
naphthoquinones
(2-phenyl-2,3dihydronaphtho[2,3-b]furan-4,9-dione (FNP)
and
2-(4-bromophenyl)-2,3dihydronaphtho[2,3-b]furan-4,9-dione
(FNP4Br), Figure 1) have shown potential
biological
activity
as
inhibitor
of
Mycobacterium tuberculosis strain H37Rv,24
as well as possible inhibitor of six strains of
Candida: C. albicans, C. krusei, C. parapsilosis,
C. kefyr, C. tropicalis and C. dubliniensis,25 and
inhibitor of four human tumor cell lines: HL60 (leukemia), SF-295 (CNS), HCT-8 (colon)
and MDA-MB435 (melanoma).26
Recently, our group has published results
on the interaction between serum albumin
a d α-lapachone - a natural 1,4naphthoquinone – by spectroscopic and
molecular docking methods.27
lapachone may interact spontaneously and
strongly with serum albumin through a
ground-state association. However, there is
no significant disturbance in the albumin
secondary structure. There is just one main
binding site (Sudlow's site I) for this
association, which occurs endothermically
and is possibly driven by hydrophobic factors.
In this case, hydrogen bonding and
hydrophobic interactions are the main
binding forces.27
To continue the exploration of the
binding ability between serum albumin and
potential drugs containing the 1,4naphthoquinone moiety, the present study is
aimed to investigate the interaction between
HSA:FNP and HSA:FNP4Br. Circular dichroism
spectroscopy was applied to investigate
possible perturbation on the secondary
structure of the protein upon ligand binding,
while steady-state and time-resolved
fluorescence spectroscopy were employed to
determine binding constant parameters and
computational calculations via molecular
docking were applied to offer a molecular
level explanation on the binding ability.
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Figure 1. Chemical structure and the theoretical potential electrostatic map for FNP and
FNP4Br

2. Experimental
2.1. Materials
Commercially available HSA and PBS
buffer (pH = 7.4) were obtained from SigmaAldrich Chemical Company. Water used in all
experiments was Millipore grade. Methanol
(spectroscopic grade) was obtained from
Tedia Ltd. The samples FNP and FNP4Br were
synthesized and characterized according to a
previous publication.25

2.2. Spectroscopic measurements

UV-Vis and steady-state fluorescence
spectra were measured on a Jasco J-815
fluorimeter using a quartz cell (1.00 cm
optical path) and employing a thermostatic
cuvette holder Jasco PFD-425S15F. The
circular dichroism (CD) spectra were
measured in a spectropolarimeter Jasco J815, employing the same thermostatic
cuvette holder as described above. All
spectra were recorded with appropriate
435

background corrections. Because FNP and
FNP4Br show absorption lower than 0.10 a.u.
at 280 and 340 nm (Figure 1S, supplementary
material), the correction for the inner filter
effect was not necessary.28
The UV-Vis absorption spectrum for FNP
and FNP4Br (2.70x10-5 M, in PBS) was
measured in the 200-450 nm range at 310 K.
The steady-state fluorescence measurements
were carried out in the 290-450 nm range
λexc = 280 nm) at 305 K, 310 K and 315 K
using 3.0 mL of a HSA solution (1.00x10-5 M,
in PBS). The addition of FNP or FNP4Br to the
HSA solution was done manually by using a
microsyringe, achieving final concentrations
of 0.34; 0.67; 1.01; 1.35; 1.69; 2.02; 2.36 and
2.70x10-5 M.
The CD analysis was carried out using 3.0
mL of a HSA (1.00x10-6 M in PBS) solution
without and in the presence of FNP or
FNP4Br, in the 200-250 nm range, at 310 K.
The HSA:ligand proportion used was 1:0; 1:4;
1:8; 1:16 and 1:32. In this case, the molar
concentration of each ligand was 0.40; 0.79;
1.56 and 3.03x10-4 M. The intensity of the
signal from the CD spectra was expressed as
mean residue ellipticity (MRE), defined
according to equation 1:29
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|
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MRE =

θ
(10.n.l.C P )

3. Results and Discussion
(1)

he e θ, n, l and Cp are the observed CD (in
milli-degrees), number of amino acid residues
(585 for HSA),30 optical pathlength of the cell
(1.00 cm) and molar concentration of HSA
(1.00x10-6 M), respectively.
Time-resolved
fluorescence
measurements were performed on a model
FL920 CD fluorimeter from Edinburgh
I st u e ts, e uipped ith a EPL lase λexc
= 280±10 nm; pulse of 850 ps with energy of
1.8 µW/pulse, monitoring emission at 340
nm). The time-resolved fluorescence decay of
a 3.0 mL solution of HSA (1.00x10-5 M, in PBS)
was measured in the absence and presence
of FNP or FNP4Br (2.70x10-5 M).

2.3. Theoretical calculations
The structure for FNP and FNP4Br was
built and energy-minimized by Density
Functional Theory (DFT) calculations, with
B3LYP potential and basis set 6-31G*
available in the Spartan'14 program. The
crystallographic structure of HSA was
obtained from the Protein Data Bank
(1N5U).30 The molecular docking studies were
performed with GOLD 5.2 program (CCDC,
Cambridge Crystallographic Data Centre).
The hydrogen atoms were added to the
albumin structure according to the data
inferred by GOLD 5.2 program on the
ionization and tautomeric states. Docking
interaction cavity in the protein was
established with a 10 Å radius from the Trp214 residue. The number of genetic
operations (crossover, migration, mutation)
in each docking run used in the search
procedure was set to 100,000. The scoring
function used was 'ChemPLP', which is the
default function of the GOLD 5.2 program.31
For
more
details,
see
previous
32,33
publications.
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3.1. Spectroscopic analysis of
interaction HSA:FNP and HSA:FNP4Br

the

Steady-state fluorescence quenching
measurement is an important method to
study the interaction of small molecules with
a biomolecule. The steady-state fluorescence
measurement can give some information on
the binding of small molecules to a protein,
such as the main binding mechanism, binding
mode, binding constant and number of
binding sites.34 The intrinsic protein
fluorescence originates from the aromatic
amino acids tryptophan (Trp), tyrosine (Tyr)
and phenylalanine (Phe). However, the indole
group of Trp residue is the dominant source
of UV absorbance and fluorescence emission
i the p otei . I the p ese t ase, he λexc
= 280 nm, the maximum steady-state
fluo es e e e issio at λem = 340 nm does
not present contribution from the Phe.
Similarly, the contribution from the Tyr
residue is not significant. Therefore, the most
contribution for HSA fluorescence is due to
Trp residue.35 Figure 2 depicts the steadystate fluorescence emission of HSA (1.00x10-5
M) and its fluorescence quenching upon
successive additions of either FNP or FNP4Br,
at pH = 7.4 and 310 K. Since fluorescence
quenching can be observed upon ligand
addition, this result can indicate that both
samples might have been located next to the
Trp-214 residue.32
It is important to highlight that the
fluorescence emission maximum of proteins,
including HSA, mainly reflect the average
exposure of Trp residue to the aqueous
phase and is highly sensitive to the local
environment. Thus it is often used as a
reporter group for binding ability, as well as
protein conformational changes, through
spectral shifts.35 The slight blue shift
observed at the wavelength of the maximum
emission of HSA upon FNP (from 340 to 332
nm) and FNP4Br binding (from 340 to 335
nm) is clear evidence of an increase in the
436
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hydrophobicity around the Trp-214 residue,
with the presence of these samples being
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Figure 2. Steady-state fluorescence emission of HSA and its quenching by successive
additions of FNP (A) and FNP4Br (B) at pH = 7.4 and 310 K. Insets: Stern-Volmer plot for the
interaction HSA:FNP (inset A) and HSA:FNP4Br (inset B) at 305 K, 310 K and 315 K. [HSA] =
1.00x10-5 M and [FNP] = [FNP4Br] = 0.34; 0.67; 1.01; 1.35; 1.69; 2.02; 2.36 and 2.70x10-5 M
Fluorescence quenching proceeds via
different mechanisms, which are usually
classified as dynamic or static quenching. In
some cases, static and dynamic quenching
can participate in simultaneously. Dynamic
quenching depends upon diffusion effects.
Hence, the diffusion coefficient and
bimolecular quenching constant would be
larger at higher temperatures. On the other

hand, static quenching generates a nonfluorescent complex with a consequent
decrease of the quenching rate constant
value upon increasing the temperature.37 To
obtain information about the main
fluorescence quenching mechanism of HSA
by FNP and FNP4Br, a Stern-Volmer analysis
(equation 2) was applied:

F0
= 1+ k q τ 0 [Q]= 1+ K SV [Q]
F
where F0 and F are the steady state
fluorescence intensities of HSA in the
absence and presence of each ligand,
respectively. [Q], KSV and kq are the ligand
concentration, Stern-Volmer quenching
constant and bimolecular quenching rate
constant, respectively. τ0 is the experimental
fluorescence lifetime of HSA in the absence
of the ligand (5.82±0.12)x10-9 s.
The Stern-Volmer plots of F0/F versus [Q]
for the fluorescence quenching mechanism of
HSA by FNP or FNP4Br at 305 K, 310 K, and
437

(2)

315 K are showed as an inset in Figure 2, and
the calculated KSV and kq values are presented
in Table 1. Since the KSV values for HSA:FNP
and HSA:FNP4Br decrease with the increase
of temperature and the kq values are in the
order of 1012 M-1s-1 - higher than the
maximum scatter collision rate constant
(2.00x1010 M-1s-1)38 - a ground-state
association can occur between HSA and FNP
or FNP4Br. In other words, the main
fluorescence quenching is occurring via a
static mechanism.39
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|
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Table 1. Binding constant values (KSV, kq, n, Kb, ΔH°, ΔS° and ΔG°) for the interaction
between HSA:FNP and HSA:FNP4Br at 305 K, 310 K and 315 K

FNP

FNP4Br

KSV (x104)

T

kq (x1012)

-1

Kb (x105)

n

-1 -1

-1

(M )

ΔH°

ΔS°
-1

(kJmol )

-1 -1

(kJmol K )

ΔG°
(kJmol-1)

(K)

(M )

(M s )

305

4.96±0.06

8.52

1.07±0.04

8.40±0.26

310

4.47±0.05

7.68

1.06±0.02

7.54±0.26

315

3.84±0.03

6.60

1.04±0.01

6.96±0.26

-29.3

305

2.92±0.03

5.02

0.96±0.07

1.69±0.07

-24.6

310

2.85±0.04

4.89

0.95±0.06

1.64±0.09

315

2.75±0.04

4.73

0.95±0.09

1.61±0.06

-28.8
-15.1±0.29

-3.52±0.29

0.045±0.004

-29.1

0.069±0.001

-24.9
-25.3

Obs: r2 for KSV and kq: 0.9985-0.9997; r2 for n and Kb: 0.9976-0.9999; r2 for ΔH°, ΔS° and ΔG°:
0.9870-0.9883.
In order to further confirm the static
mechanism as the main fluorescence
quenching process for the interaction
HSA:FNP and HSA:FNP4Br, time-resolved
fluorescence measurements were carried out
for HSA without and in the presence of each
ligand under study at pH 7.4. Figure 3 and
Table 2 depict time-resolved fluorescence
decays and their parameters for HSA
emission without and in the presence of the
1,4-naphthoquinone derivatives. Free HSA
showed
two
fluorescence
lifetimes

Counts (a.u.)

Code

(τ1=1.76±0.14 ns, 23.9% contribution and
τ2=5.82±0.12 ns,, 76.1% contribution), which
is in full agreement with literature results.40
Addition of FNP or FNP4Br did not change
significantly the albumin lifetime, i.e. τ2
decreases from 5.82±0.12 ns for pure HSA to
5.79±0.10 and 5.75±0.10 ns for HSA:FNP and
HSA:FNP4Br, respectively, with these values
being inside the experimental error. Thus, a
ground-state association is occurring for both
samples, i. e a static mechanism.33

IRF
HSA
HSA:FNP
HSA:FNP4Br

10

10

9

10

10

20

30

40

50

Time (ns)

Figure 3. Time-resolved fluorescence decays and its residuals for HSA without and in the
presence of FNP or FNP4Br at pH = 7.4 and room temperature. [HSA] = 1.00x10-5 M and [FNP]
= [FNP4Br] = 2.70x10-5 M
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Table 2. Time-resolved fluorescence parameters for HSA without and in the presence of
FNP or FNP4Br at pH = 7.4 and room temperature
Code

τ1 (ns)

Relative %

τ2 (ns)

Relative %

χ2

HSA

1.76±0.14

23.9

5.82±0.12

76.1

1.061

HSA:FNP

1.71±0.10

29.5

5.79±0.10

70.5

1.050

HSA:FNP4Br

1.69±0.10

27.8

5.75±0.11

72.2

1.044

The evaluation of the binding constant
(Kb) between serum albumin and a ligand is
important to understand its distribution in
the plasma, body tissues and organs.41 When
small molecules bind independently to a set

of equivalent sites on a macromolecule, the
equilibrium between free and bound
molecules is given by the equation 3 and
Figure 4:42

F -F
log  0
  log K b  n log Q 
 F 
where F0 and F are the steady state
fluorescence intensities of HSA in the
absence and presence each ligand,
respectively. Kb and n are the binding
constant and the number of binding sites,
respectively.
The calculated number of binding sites is
approximately 1.00 (Table 1), indicating the
existence of just one main binding site in the
serum albumin structure for both ligands.43
The Kb values for the interaction HSA:FNP and
HSA:FNP4Br are in the order of 104 M-1,
indicating that the 1,4-naphthoquinone
derivatives under study can interact
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(3)

moderately with serum albumin.44,45 In
addition, the decrease in the Kb values with
the increase of temperature suggests the
lesser stability of HSA:1,4-naphthoquinone
derivatives complex at higher temperature,
being in full accordance with the existence of
a static fluorescence quenching mechanism
as described above.46 By comparing the
binding constant values with that of the
interaction serum albumin a d α-lapachone –
a natural 1,4-naphthoquinone – the
derivatives under study, i. e FNP and FNP4Br,
sho ed ette
i di g a ility tha αlapachone.27

Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|
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Figure 4. Double logarithmic plot for the interaction HSA:FNP (A) and HSA:FNP4Br (B) at pH
= 7.4, at 305 K, 310 K and 315 K. [HSA] = 1.00x10-5 M and [FNP] = [FNP4Br] = 0.34; 0.67; 1.01;
1.35; 1.69; 2.02; 2.36 and 2.70x10-5 M
Essentially, there are four types of noncovalent interactions when a ligand binds to
a protein, i. e hydrogen bond, van der Waals
forces,
lipophilic
and
electrostatic
interactions. The thermodynamic parameters
of binding (ΔH° and ΔS°) are used as an
evidence in identifying the nature of the

ΔH 0 ΔS 0
ln K a = +
RT
R

ΔG 0 = ΔH 0 - TΔS 0
where ΔH°, ΔS° and ΔG° are the enthalpy,
entropy and Gibbs’ free energy change,
respectively. T and R are the temperature
(305 K, 310 K and 315 K) and gas constant
(8.3145 Jmol−1K−1), respectively.
The values of thermodynamic parameters
are presented in Table 1, with ΔG° < 0
indicating that the binding process for
HSA:FNP and HSA:FNP4Br is spontaneous.
The negative and positive values of enthalpy
and entropy change, respectively, suggest
that the binding is enthalpy and entropy
driven.48 Also, the binding involves an
exothermic association as manifested by the
negative ΔH° values, which is consistent with
the decrease in Kb values with the increase of
temperature.47
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|

acting
forces.44
The
thermodynamic
parameters associated with the interaction
between HSA with FNP and FNP4Br were
calculated according to the van’t Hoff (Figure
2S, supplementary material) and Gibb’s free
energy equations – equations 4A and 4B:47

(4A)

(4B)
According to Ross and Subramanian’s
proposal,49 ΔH° < 0 and ΔS° > 0 are
characteristic of hydrogen bonding and
electrostatic forces as responsible for the
binding process. The FNP and FNP4Br
structures do not show groups capable of
ionization at pH = 7.4. Therefore,
electrostatic forces ion-ion must not be
operating in this association; however, weak
electrostatic forces such as dipole-dipole
could be occurring, because both ligands
presented dipole moment different of zero
(theoretical dipole moment 2.14 and 0.78 D,
for FNP and FNP4Br, respectively – Figure
1).50 From the standpoint of water structure,
positive entropy is often regarded as a typical
signature of a hydrophobic effect, since the
water molecules which are arranged in an
440
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orderly fashion around the ligand and the
protein molecule acquire a more random
configuration as a result of the hydrophobic
effect.51 Furthermore, the interaction
HSA:FNP4Br showed higher ΔS° value than
HSA:FNP, probably due the fact that the
presence of the bromine atom in the 1,4naphthoquinone derivative structure has
increased the solubility of the ligand, causing
the presence of more water molecules
around the free ligand (see theoretical dipole
moment above). Thus, hydrogen bonding and
electrostatic interactions are probably the
main binding forces responsible for the
association HSA:FNP and HSA:FNP4Br.
Additionally, a hydrophobic effect also
contributed for this association.

3.2. Perturbation on the secondary
structure of HSA upon ligand binding

α - helix % =

α - helix % =

(- MRE

The α-helix contents of free and combined
HSA were calculated from the mean residue
ellipticity (MRE) values at 208 and 222 nm
using the equations 5A and 5B:52

- 4000)
x 100
(33000 - 4000)
208

(- MRE

- 2340)
x 100
30300
222

The CD signal from HSA decreases with
the addition of FNP or FNP4Br (Figure 5),
indicating changes in the protein structure
upon ligand binding.53 In addition, the
ua titati e α-helical % content for HSA
without and in the presence of FNP or
FNP4Br changed moderately, mainly in a high
concentration of ligand (Table 3), i. e 6.60%
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Circular dichroism (CD) is a sensitive
technique to monitor conformational
changes in a protein.46 For this, the CD
spectra of HSA in the absence and presence
of different concentrations of FNP or FNP4Br
in the proportion HSA:ligand of 1:0; 1:4; 1:8;
1:16 and 1:32 (which results in a
concentration of each ligand in the 0.40 3.03x10-4 M range), were measured at pH =
7.4 and 310 K (Figure 5). The CD spectrum of
serum albumin exhibits two negative signals
at 208 π–π* t a sitio a d 222
n–π*
transition), which are due to the presence of
the amide groups forming the peptide
bonds.47

(5A)

(5B)

for HSA:FNP and 13.8% HSA:FNP4Br, at 208
nm, both ligands in a molar concentration of
3.03x10-4 M - proportion 1:32. These results
are a clear indication that FNP or FNP4Br
bind in the main polypeptide chain of protein
and can destroy the hydrogen bonding
networks of the albumin, mainly the bromine
derivative.54
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Figure 5. CD spectra for HSA without and in the presence of FNP (A) and FNP4Br (B), at pH =
7.4 and 310 K, in the proportion HSA:ligand 1:0; 1:4; 1:8; 1:16 and 1:32
Table 3. The α-helical % content for HSA without and in the presence of FNP or FNP4Br at
pH = 7.4 and 310 K
Code

HSA:FNP

HSA:FNP4Br

Proportion / HSA:ligand

α-helix % at 208 nm

α-helix % at 222 nm

1:0

60.1

58.1

1:4

59.3

56.3

1:8

57.4

56.0

1:16

55.8

55.3

1:32

53.5

53.0

1:0

58.1

55.6

1:4

55.9

53.7

1:8

53.7

51.9

1:16

52.5

49.6

1:32

44.3

46.3

3.3. Molecular docking analysis of the
interaction HSA:FNP and HSA:FNP4Br

Structurally, HSA consists of three
homologous domains (I, II, and III) and each
domain comprised the subdomains A and B.
The subdomains IIA and IIIA present high
affinity for binding different kinds of ligands
and are referred as Sudlow's site I and II,
respectively.55 From the spectroscopic results
described above – ground-state association
and fluorescence quenching - it is known that
FNP and FNP4Br are able to bind near the
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|

Trp-214 residue, which is located in
subdomain IIA (Sudlow’s site I). Thus, in order
to offer a molecular level explanation on the
binding ability of FNP and FNP4Br toward
HSA, molecular docking calculations were
performed.
Figure 6 shows the molecular docking
results for the interaction between HSA and
FNP or FNP4Br inside Sudlow’s site I. For the
association HSA:FNP, the oxygen atom from
the two carbonyl groups of the ligand
structure are acceptors for hydrogen bonding
with Trp-214 and Ser-453 residues, within a
distance of 1.80 and 3.20 Å, respectively.
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Electrostatic interaction via dipole-dipole can
also occur between the aromatic rings of the
ligand structure with Leu-197, Val-343, Leu456, and Leu-480 residues, within a distance
of 3.40; 3.20; 1.95 and 3.00 Å, respectively.
On the other hand, for the association
HSA:FNP4Br, the oxygen atom of the two
carbonyl groups of the ligand structure are
acceptors for hydrogen bonding with Lys-194
and Trp-214 residues, within a distance of
2.90 and 1.80 Å, respectively. Electrostatic
interaction via dipole-dipole can also occur
between the aromatic rings of the ligand with
Leu-197, Val-342, Pro-446, and Leu-480
residues, within distance a of 2.10; 1.90; 2.50

and 2.60 Å, respectively. Note that even the
two ligands having a similar structure, the
molecular docking results suggested that the
presence of the bromine atom in the FNP4Br
structure can cause modifications in the type
of amino acid residues that participate in the
association
HSA:1,4-naphthoquinone
derivatives, which can reflect in some
differences in the binding parameters
detected experimentally. Overall, these
theoretical results for the interaction
HSA:FNP and HSA:FNP4Br are in full
accordance
with
the
intermolecular
interactions suggested by the experimental
thermodynamic parameters described above.

Figure 6. Best score pose for HSA:FNP and HSA:FNP4Br in Sudlow’s site I (ChemPLP
function). Selected amino acids residues, FNP and FNP4Br are represented in yellow, beige and
orange, respectively. Black dots represent the interaction via hydrogen bonding. Hydrogen:
white; oxygen: red; nitrogen: dark blue and bromine: carmine

4. Conclusion
The HSA fluorescence quenching upon
successive additions of FNP and FNP4Br
follows a static mechanism; therefore, there
is a ground-state association HSA:FNP and
HSA:FNP4Br. The interaction between HSA
and both ligands is spontaneous, moderate,
as well as entropy and enthalpy driven. The
binding can change moderately the
secondary structure of the albumin, mainly in
443

the presence of FNP4Br. Hydrogen bonding
and electrostatic interactions (dipole-dipole)
are the main binding forces involved in the
interaction between HSA and FNP or FNP4Br.
Inside Sudlow’s site I, in subdomain IIA,
molecular docking results suggest that FNP
can interact via hydrogen bonding and
dipole-dipole with Leu-197, Trp-214, Val-343,
Ser-453, Leu-456, and Leu-480 residues,
while FNP4Br can also interact via hydrogen
bonding and dipole-dipole with Lys-194, Leu197, Trp-214, Val-342, Pro-446, and Leu-480
Rev. Virtual Quim. |Vol 10| |No. 2| |432-447|
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residues. Overall, the synthetic molecules
FNP and FNP4Br depict better binding ability
tha the atu al p odu t α-lapachone.
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