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The interactive profile between four 1,4-naphthoquinone derivatives (1-4) and human serum
albumin (HSA) was studied by spectroscopic techniques and in silico calculations. The bimolecular
quenching rate constant (k, ca. 10" L mol™"s™) and the time-resolved fluorescence decays
indicated a static fluorescence quenching mechanism. Thus, there is a spontaneous ground-state
association, and based on both Stern-Volmer, modified Stern-Volmer, and van’t Hoff approaches, the
association is moderate mainly driven by hydrophobic forces. The circular dichroism (CD) analysis
indicated that until the proportion albumin:compound of 1:8 there is a weak perturbation on the
structural content of albumin, while molecular docking results suggested subdomain IIA (site I),
a positive electrostatic pocket, as the main binding site. Overall, even though the hydrogen atom
replacement by methyl, fluorine, or chlorine atoms in the para position of the aromatic ring in the
benzo[g]chromene-5,10-dione moiety changes the lipophilicity, it does not change the binding
profile to HSA.
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Introduction the contribution of popular medicine to treating human

diseases in Latin America. Naphthoquinones are chemical

Naphthoquinones are substances found in large amounts
in higher plants, fungi, and echinoderms.! Lapachol
and other quinones are important representatives of
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constituents of various species of Tubebuia,** for example,
the 2,2-dimethyl-3,4-dihydro-5,10-dioxo-2H-benzo[g]
chromanone (o.-lapachone) can be extracted from Brazilian
medicinal plants, such as Tabebuia (Bignoniaceae).>” It
has been evaluated in terms of potential antimicrobial
against multidrug-resistant bacteria.® This naphthoquinone
and its derivatives show several biological activities,
such as microbicidal properties, trypanocide, virucidal,
antitumor, inhibitors of repairing cellular systems,
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and deoxyribonucleic acid (DNA) cleavage.”®!' These
quinones induce the formation of reactive oxygen species
being attributed as their main biological mechanism.'>'¢
Thus, a-lapachone, its derivatives, and analogs are strong
candidates for developing new drugs.

Human serum albumin (HSA, molecular weight
66.5 kDa) is a predominant globular protein, widely studied
in the determination of pharmacokinetic profile of potential
drugs.!™® Synthesized in the liver, the HSA concentration
in plasma is around 40 mg mL"',"?° corresponding to about
50% of the total plasma protein. HSA is the most important
carrier and distributor of different compounds, e.g., amino
acids, fatty acids, drugs, steroids, cations, anions, and metals
(such as calcium, copper, zinc, nickel, mercury, silver, and
gold).?! Therefore, the interaction between compounds and
albumin can increase the solubility of bioactive compounds
in the human blood and decrease their toxicity.'”1%%3
Crystallographic analysis of the HSA structure reveals
that its main binding sites for bioactive compounds are in
subdomains I1A, IIIA, and IB, which are known as Sudlow’s
sites I, Sudlow’s site II, and site III, respectively.!7-»-27:31-33
Sites I, I, and I1T are known as the warfarin, benzodiazepine,
and porphyrin binding regions, respectively.** A comparison
between these three sites indicates that site I corresponds to
a large hydrophobic cavity containing the tryptophan residue
(Trp-214) and can be considered the more versatile site due
to its capacity for binding with different compounds.*3¢

Recently, our group reported the interactive profile of
o-lapachone (1,4-naphthoquinone) with albumin.’” To get
further information on the interaction between HSA and
other 1,4-naphthoquinones showing biological activity,*
it was performed biophysical analysis (UV-Vis absorption,
steady-state fluorescence, circular dichroism, time-resolved
fluorescence, and molecular docking) on the interaction
between HSA with 2-phenyl-3,4-dihydro-2H-benzo[g]
chromene-5,10-dione (1), 2-(4-chlorophenyl)-3,4-dihydro-
2H-benzo[g]chromene-5,10-dione (2), 2-(4-fluorophenyl)-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (3), and
2-(4-methylphenyl)-3,4-dihydro-2H-benzo[g]chromene-
5,10-dione (4) (Figure 1). These compounds were chosen due
to their reported similar minimum inhibitory concentration
(MIC) values in ug mL™! for Mycobacterium tuberculosis,
presenting differences in the lipophilicity (3.42-4.03 range)®
that might impact their residence in the bloodstream.

Experimental
Materials

The HSA and phosphate buffer solution (PBS) were
purchased from Merck KGaA company (Darmstadt,
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Figure 1. 2D-structure for the 1,4-naphthoquinones 1-4.

Germany). The 1,4-naphthoquinones derivatives 1-4 were
synthesized following a literature procedure.*® The one-
pot reaction involves an initial Knoevenagel condensation
of lawsone with formaldehyde, followed by a reaction
with styrene or the substituted styrene in an ethanol/water
mixture, yielding the corresponding 1,4- naphthoquinones.
All compounds were purified by silica gel column
chromatography, and spectroscopic and spectrometric data
fully agree with the proposed structures.?**

Stock solutions of the 1,4-naphthoquinone derivatives
(107 mol L") were prepared in spectrophotometric grade
methanol purchased from Vetec Quimica Fina, Brazil.
Milli-Q water was obtained from Direct System QUV3-
Millipore, 297 K and 18.2 m().

UV-Vis and steady-state fluorescence analysis

The UV-Vis absorption and steady-state fluorescence
spectra were measured in a single mode in a coupled
spectrophotometer Jasco, model J-8159 (Jasco Easton,
MD, USA). The apparatus had a thermostat system Jasco
PFD-425S15F and a 1.0 cm quartz cell was used. All spectra
were recorded with appropriate background corrections.
The UV-Vis absorption spectra of the 1,4-naphthoquinone
derivatives (1 x 103 mol L', in PBS) were obtained from
200 to 450 nm. The UV spectra for 3 mL of HSA solution
(1 x 10 mol L) were recorded without and after successive
increase of naphthoquinones concentration (0; 0.340;
0.670; 1.01; 1.35; 1.69; 2.02; 2.36; and 2.70 x 10 mol L'
for 1, 0; 0.571; 1.14; 1.70; 2.26; 2.82; 3.37; 3.92; and
4.47 x 10° mol L' for 2, 0; 2.48; 4.94; 7.39; 9.82; 12.2;
14.6; 17.0; 19.4 x 10> mol L' for 3, and 0; 0.678; 1.35;
2.02; 2.68; 3.34; 4.00; 4.65; and 5.30 x 10> mol L' for 4)
in the range of 200-330 nm at 310 K.

Steady-state fluorescence spectra were measured in the
range of 300-450 nm with excitation at 280 nm at three
temperatures (305, 310, and 315 K). First, the fluorescence
emission spectrum of a solution containing 3 mL of HSA
(1 x 10° mol L1 in PBS) was obtained. In sequence, the
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fluorescence quenching experiments were performed
by adding the 1,4-naphthoquinone derivatives 1-4 from
a stock solution in methanol (1 x 103 mol L) to the
HSA solution following the same concentrations used
in the UV analysis. The results were analyzed using the
following mathematical approaches after inner filter
corrections: Stern-Volmer, modified Stern-Volmer, van’t
Hoff, and Gibbs’ free energy.*’ The spectra used to estimate
quantitatively the binding capacity of the interaction
albumin:naphthoquinones were obtained by the average of
three successive scans after the corresponding background
corrections to posterior statistical analysis based on the
linear regression. Plots were obtained by monitoring the
HSA fluorescence emission at its maximum (345 nm).

Circular dichroism (CD) analysis

In the range of 200-250 nm, CD spectra were recorded
at 310 K in a single mode in a coupled spectrophotometer
Jasco, model J-8159 (Jasco Easton, MD, USA). The CD
spectra for albumin:1-4 were obtained in the proportion 1:0,
1:4, 1:8, 1:16, and 1:32. The CD results were expressed in
terms of significant molar residual ellipticity (MRE),*' and
the decrease in the helical structure after naphthoquinones
binding was quantitatively determined following literature
procedure at 208 and 222 nm.*

Time-resolved fluorescence analysis

Spectrofluorometer model FL920 CD (Edinburgh
Instruments Ltd, Livingston, UK) was used to obtain the
time-resolved fluorescence decays (A, = 280 = 10 nm).
The corresponding decays were obtained for HSA solution
(1 x 10 mol L") without and with each naphthoquinone
at 298 K. For the naphthoquinone 1 was used the same
range of concentrations used in the UV and steady-state
fluorescence measurements, while for naphthoquinones 2-4
was used only the highest concentration.

In silico calculations

The HSA structure without any compounds is from
Protein Data Bank*® (3JRY).* Spartan’14 software*
was used to build and energy-minimized (semi-empirical
method PM6) the 1-4 structure, while GOLD 2022.3.0
software*®>* was used to molecular docking calculations.
A radius of 8 A around Trp-214, Tyr-411, and Tyr-161
residues was established for sites I, I, and III, respectively.
‘ChemPLP’ was used as the scoring function. For each
system albumin:naphthoquinone it was obtained ten
running poses and was chosen the pose with the highest
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docking score value for the interactive treatment. The
webserver Protein-Ligand Interaction Profiler (PLIP)'-
was used for3 the treatment of the best docking pose,
while the 3D figures were generated by PyMOL Molecular
Graphics System 1.0 level software.>*

Results and Discussion
Binding affinity-spectroscopic approaches

The HSA has an absorption band at a wavelength
of around 280 nm, mainly attributed to the absorption
of tryptophan (Trp), with a smaller contribution from
tyrosine (Tyr) and phenylalanine (Phe).”® These amino
acid residues are relatively non-polar and can participate
in hydrophobic interactions, which are relatively strong
when aromatic groups (aromatic groups linked to the base
structure of the amino acid) are positioned side by side.?’
The hydroxyl group of Tyr and indole group of Trp can
form hydrogen bonds, acting as important functional groups
when discussing enzymatic activity.’®

The structural changes of HSA, as a function of
adding the naphthoquinones, were initially studied
through absorption spectra in the UV region as shown in
Figure 2a. In this case, the absorption spectrum for HSA
(1 x 10° mol L%, in PBS) in the range of 200-330 nm
was recorded in the absence and presence of varying
concentrations of 1. It is not possible to conclude the
formation of HS A-naphthoquinone complex by analyzing
the UV absorption spectra shown in Figure 2a, as
naphthoquinone 1 in PBS (inset in Figure 2a) presents
absorption maxima around 250 and 285 nm, coinciding
with the maximum absorption of the aromatic amino acid
residues of albumin at 280 nm.* Thus, the explanation for
both the bathochromic shift and the hyperchromic effect
after the addition of 1 may result from the presence of
this naphthoquinone in solution, as well as is not reliable
the determination of binding constant values from UV
spectra, being the steady-state fluorescence analysis
(the naphthoquinones 1-4 do not show any fluorescence
emission) crucial to determine the binding affinity HSA:1-4.
Similar results were obtained for the naphthoquinones 2-4
(Figure S1 in the Supplementary Information (SI) section).

The fluorescence emission for HSA at 345 nm
(Mexe=280nm) is due to the contribution of the aromatic amino
acid residues, e.g., Trp-214,*' while in this experimental
condition, the 1,4-naphthoquinone derivatives 1-4 do not
show any fluorescence emission. As an example, Figure 2b
depicts the fluorescence emission of albumin and the
corresponding quenching in the presence of 1, indicating
that the 1,4-naphthoquinone derivative under study might
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Figure 2. (a) The UV-Vis spectra for HSA solution in PBS (pH = 7.4) at 310 K, without and in the presence of 1. (b) Steady-state fluorescence spectra for
HSA and HSA:1 at 310 K (A= 280 nm). (c) Stern-Volmer plots obtained at 305, 310, and 315 K. (d) Double logarithmic plots for three temperatures.
(e) van’t Hoff plot corresponding to the binding constant (K,) values. Cys,, = 1 x 10° mol L'. C;, = 0; 0.340; 0.670; 1.01; 1.35; 1.69; 2.02; 2.36; and

2.70 x 10° mol L. Inset: absorption spectrum for 1 in PBS.

interact close to the fluorophores of albumin.®®' The
increase of the naphthoquinone concentration leads to a
slight blue shift in the maximum fluorescence emission,
suggesting a decrease in the polarity of the interactive
pocket after naphthoquinone binding.' Similar behavior
was observed for the 1,4-naphthoquinones 2-4 as shown
in Figures S2-S4 in the SI section.

Fluorescence quenching can involve two possible
mechanisms, i.e., dynamic, or static mechanism.*® To
identify the possible fluorescence quenching mechanism
operating in this case, Stern-Volmer analysis was applied,
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following the literature.’®%* The Stern-Volmer plots
corresponding to the fluorescence quenching of HSA
by 1 at 305, 310, and 315 K, are shown in Figure 2c,
while for the 1,4-naphthoquinones 2-4 are shown in
Figures S2-S4 in the SI section, and the calculated
Stern-Volmer (Ksy) and bimolecular quenching rate (k,)
constant values are summarized in Table 1. The K, and
k, values among the 1,4-naphthoquinones derivatives
are in the same order of magnitude, indicating that the
replacement of small groups in the aromatic moiety of the
compounds does not change the affinity to the albumin.

J. Braz. Chem. Soc. 2024, 35, 10, e-20240043
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Since the Stern-Volmer plots are linear and the k, values
are much higher than the diffusion rate constant in water
(kg ca. 7.40 x 10° L mol! s at 298 K, according to
Smoluchowski-Stokes-Einstein theory),®* the quenching
mechanism resulting from the interaction between HSA and
1-4 must be static, consequence of a ground-state association
HSA:naphthoquinone. These Ky and k, values were similar
to those reported for other 1,4-naphthoquinones, such
as 2-phenyl-2,3-dihydronaphtho[2,3-b]furan-4,9-dione,
2-(4-bromophenyl)-2,3-dihydronaphtho[2,3-b]furan-
4,9-dione, and 2-(benzylamino)-1,4-naphthoquinone.*”

Further confirmation that the main mechanism
of fluorescence quenching is static was obtained by
determining the fluorescence lifetimes in the absence and
presence of naphthoquinones 1-4. The HSA fluorescence
presents three components with considerably different
lifetimes. The two shortest lifetimes are associated with
the Trp structure itself, and the third is related to the
Trp-214 surrounding environment interaction.’*% The
first lifetime is very short (sub nanosecond) with a low
pre-exponential factor (3%). Thus, due to the instrumental
limitations, most reports (as we in the present work)
observed solely two lifetimes.®! The obtained fluorescence
lifetime (7) for free HSA in PBS at room temperature has
two distinct components with different contributions, i.e.,
T, = 1.56 (33.8% contribution) and 1, = 5.30 ns (66.2%
contribution), agreeing with the literature.®®’ After
the successive addition of aliquots of a stock solution
of naphthoquinone 1 to the protein solution, up to a
maximum compound concentration of 2.70 x 10 mol L™,
no significant variation in the fluorescence lifetime for
albumin was observed (Figure 3 and Table 2). For this

Ferreira et al.
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Figure 3. Time-resolved fluorescence results for HSA in the absence
and with different concentrations of 1 in PBS (pH = 7.4) at 298 K. The
residual corresponds to HSA and HSA:1 without and in the maximum
naphthoquinone concentration, respectively. The short decay corresponds
to the instrument response function (IRF, a suspension of TiO, in water
and glycerol). C s, =1 x 10" mol L. C, = 0; 0.340; 0.670; 1.01; 1.35;
1.69; 2.02; 2.36; and 2.70 x 10 mol L.

reason, further fluorescence quenching experiments with
the naphthoquinones 2-4 were performed employing only
the maximum concentration of the quencher (Table 2). In all
cases, time-resolved fluorescence quenching confirmed the
static mechanism proposed from the experiments described
above for the albumin fluorescence quenching study in the
steady-state analysis.’

A purely ground-state association also indicates
one binding site of albumin to one compound, and
this was reinforced by the number of binding site (n)

Table 1. The quantitative binding parameters for the interaction HSA:1-4 in PBS

Sample T/K Kg'/ (x 10*Lmol")  k;*/(x 10 L mol" s™) n° K./ (x 10* L mol ™)
305 2.72 £ 0.05 5.17£0.09 1.09 +0.05 1.63 £0.01
HSA:1 310 2.86 +0.04 5.44 £0.08 1.08 £ 0.04 1.88 £0.02
315 2.97 £0.04 5.65 +0.08 1.08 +0.05 2.04 £0.02
305 4.53 £0.02 8.61 +0.04 1.00 + 0.06 4.68 +£0.01
HSA:2 310 4.32+0.08 8.21+0.10 0.95 +0.05 6.15+0.01
315 421 +0.05 8.00 £ 0.09 0.93 £ 0.05 7.05 +0.01
305 5.56 +0.04 10.6 £ 0.08 1.09 £ 0.04 3.61 £0.08
HSA:3 310 5.20 £ 0.06 9.89+0.11 1.06 + 0.05 3.63+£0.02
315 4.83 £0.04 9.18 +£0.08 1.05+0.05 3.65+0.02
305 3.96 +0.05 7.53 £0.09 1.11 £0.04 2.45+0.03
HSA:4 310 3.57+0.04 6.79 £ 0.08 1.10 £ 0.04 2.34+0.02
315 3.31+£0.05 6.29 +0.09 1.08 +0.05 2.27 £0.05

‘r* (coefficient of determination, dimensionless) values for the Stern-Volmer constant (K,,) and bimolecular quenching rate constant (k,) in the range
of 0.9975-0.9991; °r? values for the number of binding sites (n) in the range of 0.9981-0.9995, r* values for the binding constant (K,) in the range of

0.9987-0.9990. HSA: human serum albumin; T: temperature.

J. Braz. Chem. Soc. 2024, 35, 10, e-20240043
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Table 2. Fluorescence lifetimes for HSA without and with 1,4-naphthoquinones 1-4

[Naphthoquinone] /

Sample (105 mol L") T,/ns T,/ns % T, relative / % T, relative / %
0 1.56 5.30 1.040 33.8 66.2
0.340 1.38 5.29 1.119 28.7 71.3
0.670 1.64 5.25 0.985 39.3 60.7
1.01 1.54 5.20 1.030 25.5 74.5
HSA:1 1.35 1.39 5.17 0.950 349 65.1
1.69 1.34 5.15 0.914 40.9 59.1
2.02 1.33 5.10 0.967 41.9 58.1
2.36 1.16 5.08 1.066 373 62.7
2.70 1.23 5.05 1.065 339 65.1
HSA:2 4.47 1.49 5.14 0.921 36.3 63.7
HSA:3 19.4 1.70 5.26 1.052 28.7 71.3
HSA:4 5.30 1.35 5.04 1.095 43.0 57.0

HSA: human serum albumin; t, and t,: the first and second lifetimes, respectively; x> (chi squared): measures the goodness of fit of experimental data to

a bi-exponential decay.

values close to 1 determined via double-logarithmic
approach (Table 1, Figure 2d, and Figures S2-S4 in the
ST section).” In addition, in a static mechanism, the Kgy
values also indicate the binding affinity.’®*¢® Since the
K,y values are around 10* L mol’!, there is a moderate
binding affinity,®’° following the same behavior of
a-lapachone and other reported 1,4-naphthoquinones.?”4°
Additionally, in this case, the fluorescence data was
obtained not exciting exclusively the Trp-214 residue, but
also the Tyr and Phe residues (A,,. 280 nm), thus, another
mathematical treatment, namely modified Stern-Volmer
approximation, was applied to also estimate the binding
capacity (Figure 2e).”® The binding constant (K,) values
are in the same order of magnitude compared to Kgy
(Table 1), reinforcing the moderate binding affinity of
the 1,4-naphthoquinones to albumin.%7°

From the K, values calculated by HSA fluorescence
quenching experiments, van’t Hoff plots were constructed
to determine the thermodynamic parameters (enthalpy and
entropy change, AH® and AS°®, respectively)®® (Figure 2f
for HSA:1 and Figure S5 in the SI section for HSA:2-4).
All thermodynamic values are summarized in Table 3. The
negative values for the Gibbs’ free energy change (AG®)
indicate that all the 1,4-naphthoquinones bind spontaneously
with the albumin, being entropically driven, however, for
the naphthoquinone 4, the AH® value also corroborated
with the spontaneity of the binding, being also considered
enthalpically driven. Additionally, following Ross and
Subramanian approaches” AS° >0 and AH° > 0 often lead to
evidence that the predominance interaction is hydrophobic,
while AH° < 0 could indicate the occurrence of a hydrophilic
interaction with the possible formation of hydrogen
bonds. The obtained thermodynamic parameters follow
the same trend previously reported to 2-(benzylamino)-

60f 11

1,4-naphthoquinone, 2-[(2’-hydroxypropyl)amino]-
1,4-naphthoquinone, and 2-[(2’-hydroxyethyl)amino]-
1,4-naphthoquinone.*

Table 3. Thermodynamic parameters obtained from van’t Hoff plots for
the fluorescence quenching of HSA by naphthoquinones 1-4

Sample T/K (kJA E(;;") a nﬁiol /K") (kJA i;;,l)
305 249
HSA:1 310 17.8 140 256
315 263
305 275
HSA:2 310 32,9 198 285
315 295
305 207
HSA:3 310 0.920 71.0 211
315 214
305 250
HSA:4 310 ~6.12 62.0 253
315 257

HSA: human serum albumin; T: temperature; AH®: enthalpy change;
AS°®: entropy change; AG®: Gibbs’ free energy change; r*: coefficient of
determination (dimensionless) in the range of 0.9940-0.9981.

Estimation of the secondary structure of HSA

The CD spectra were obtained to evaluate the structural
content of HSA without and with 1,4-naphthoquinones 1-4.
The CD spectra obtained for HSA without and with
different proportions of 1 at 310 K are shown in Figure 4,
while for the remaining naphthoquinones, i.e., 2-4, are
shown in Figure S6 in the SI section. The CD spectra for
HSA in the presence of 1-4 exhibit two negative signals
(negative Cotton effects) with minimum peaks in the UV

J. Braz. Chem. Soc. 2024, 35, 10, e-20240043
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region. These absorptions correspond to n-nt* (208 nm)
and n-rt* (222 nm) transitions, characteristics of the
helical content.” The CD spectra for free HSA and in the
presence of naphthoquinones 1-4 have similar profiles,
with an increase in the intensities of both bands at 208 and
222 nm in the presence of the naphthoquinones, indicating
that the HSA structure consists predominantly of o-helix
content even after bound with 1-4, reinforcing the moderate
interactive profile previously identified by the steady-state
fluorescence analysis.”

60 ——— HSA1-1:0
o] A —— HSA1-1:4
1 ‘ HSA:1 - 1:8
201 ] — HSA:1 - 1:16
- i v HSA:1 - 1:32
o0 0+ \ e
[0} .
B -20-
2 40
8 ]
£ 604
w i
-80 4
100
-120—-
-140 T L T 4 T X T L T x T
200 210 220 230 240 250

Wavelength (nm)

Figure 4. The CD spectra for HSA without and with different proportions
of 1,4-naphthoquinone 1 (1:0, 1:4, 1:8, 1:16, and 1:32) at 310 K.
Csay=1x10¢mol L.
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The percentage of a-helix content for free HSA
and HSA bound with 1-4 in different proportions of
1,4-naphthoquinones was summarized in Table 4. The
quantitative results indicate that until the proportion
HSA:naphthoquinone of 1:8 the binding perturbs
weakly the secondary structure of albumin, however,
in the proportions 1:16 and 1:32 the perturbation is
more significative, following the same trend reported to
a-lapachone.?’

In silico calculations

The HSA structure has three main feasible binding sites:
subdomain ITA (site I), where Trp-214 residues can be found,
subdomain IITA (site II), and subdomain IB (site III).?"73-7
Thus, to suggest the main binding pocket of HSA to the
1,4-naphthoquinones under study, as well as identify the
main intermolecular forces responsible for the stabilization
of the complex, in silico calculations via molecular docking
were carried out.”*”” Table 5 summarizes the docking score
values for HSA:1-4 in the three feasible binding sites. The
highest docking score value (dimensionless) was obtained for
site I, thus, in silico calculations suggested subdomain IIA
as the main binding site, however, the docking score value
between subdomains ITA and IB are quite similar, indicating
the 1,4-naphthoquinones might interact not exclusively
with site I, probably due to the low steric volume of the
compounds making them favorable to interact in different

Table 4. The o-helix at 208 and 222 nm for HSA (pH = 7.4) at 305, 310, and 315 K without and with different concentrations of naphthoquinones 1-4

a-Helix / %

Sample T/K 305 310 315
0 / mdeg 208 222 208 222 208 222
1:0 60.9 59.2 59.2 58.5 60.0 57.1
1:4 57.9 56.1 55.5 54.9 58.0 55.0
HSA:1 1:8 57.2 56.0 54.9 53.1 57.5 54.2
1:16 51.0 58.4 51.5 49.6 55.4 523
1:32 47.6 51.0 51.4 47.9 54.2 50.4
1:0 60.8 585 58.8 55.7 58.4 56.4
1:4 57.6 56.6 55.2 534 58.2 55.1
HSA:2 1:8 57.0 54.8 54.0 51.3 554 51.9
1:16 53.7 51.0 494 46.3 53.8 51.6
1:32 46.5 45.7 46.1 43.1 48.4 46.5
1:0 60.2 58.2 57.9 55.3 60.7 58.2
1:4 58.7 56.7 56.3 54.3 60.1 56.9
HSA:3 1:8 584 54.8 55.2 54.1 56.2 54.5
1:16 55.7 52.8 532 53.1 54.1 50.6
1:32 51.3 49.3 48.2 49.1 524 49.3
1:0 59.7 57.7 58.2 56.1 60.8 58.3
1:4 583 56.4 57.8 54.5 58.9 55.9
HSA:4 1:8 56.7 55.6 55.2 53.7 56.0 554
1:16 54.7 54.8 54.0 52.7 57.0 54.3
1:32 53.7 533 50.9 50.0 51.8 51.7

HSA: human serum albumin; T: temperature; 0: the observed circular dichroism signal (in milli-degrees).
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Table 5. Docking score values (dimensionless) for HSA:1-4 there is not any significant difference in the binding affinity
. : . among 1-4 and albumin.

;asrzl?lle 561;631 S;;e 1H 516? fl Figure 5 depicts the superposition of the best docking
HS A2 50.8 S0 . pose with the corresponding interactive profile. Molecular
HSA:3 65.9 538 615 docking results suggested a superposition among the
HSA:4 60.8 53.9 57.4 1,4-naphthoquinones 1-4 mainly into subdomain ITA than
HSA: human serum albumin. into subdomain IB (Figures 5a and 5b), reinforcing the

hypothesis that the main binding site might be site I (similar
binding pockets. Comparing the experimental steady-state binding affinity approach). Additionally, the compounds
fluorescence data with the in silico results, both indicated that are more buried into the positive electrostatic potential

(€)

Lys-199

Phe-211
L Leu-481f PR
: 3 Leu-198
Trp-214
Asp-451 Charge Center Val-344
Aromatic Ring Center al-455

9) ® Metal lon (h)

Trp-214 y =+ Hydrophobic Interaction
Lys-199 — Hydrogen Bond Leu-347
Lys-195 ) \
«+«+ 17-Stacking (parallel)

Lys-195
«+«+ T7-Stacking
(perpendicular)

— : \d '.' ‘ G ..' ﬂ"
i Z & 4 «++ 17-Cation Interaction |_ 198 i
" N - eu- ;
‘r( i ad I . \Val-455
Val-482 T Asp-451 ‘ Val-455 Asp-451}

Figure 5. Superposition of the docking pose with the corresponding zoom representation for HSA:1-4 in the (a) site I and (b) site 1I. The electrostatic
potential map of albumin in the presence of 1-4 in the (c) site I and (d) site II. Representation of the amino acid residues and the corresponding interactive
forces with the 1,4-naphthoquinones (e) 1, (f) 2, (g) 3, and (h) 4 into subdomain ITA. Selected amino acid residues, 1, 2, 3, and 4 are in blue, orange, pink,
yellow, and beige, respectively. Color of the elements: nitrogen, oxygen, chloro, and fluorine in dark blue, red, green, and cyan, respectively. The hydrogen
atoms were omitted for better interpretation.
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pocket of site I than site II (Figures 5¢ and 5d), interacting
with the main fluorophore of albumin (Trp-214 residue,
Figures 5e-5h), agreeing with the experimental ground-
state association. Finally, molecular docking calculations
suggested hydrophobic interaction as the key forces to
stabilize the complex formation, corroborating with the
experimental thermodynamic analysis, however, in some
cases, the in silico results also identified some contribution
of hydrophilic interactions, such as hydrogen bond and
n-cation forces.

Conclusions

The 1,4-naphthoquinones 1-4 interacted spontaneously
with HSA via a ground-state association driven by entropy
effects, however, for HSA:4 there is a contribution
from enthalpy. The obtained Ky, and K, values are in
the same order of magnitude (10* L mol"), indicating
a moderate binding capacity with similar binding
affinity compared with other 1,4-naphthoquinones, e.g.,
a-lapachone, 2-(benzylamino)-1,4-naphthoquinone,
2-[(2’-hydroxypropyl)amino]-1,4-naphthoquinone, and
2-[(2’-hydroxyethyl)amino]-1,4-naphthoquinone. The
binding perturbs weakly the secondary structure of albumin
until the proportion albumin:compound of 1:8, and the
1,4-naphthoquinones can interact not only with subdomain
ITA, where Trp-214 residue can be found but also with
subdomain IB (both in a positive electrostatic potential
region), mainly via hydrophobic forces, corroborating
with the thermodynamic trend. Overall, even though
the hydrogen atom replacement by methyl, fluorine, or
chlorine atoms in the para position of the aromatic ring
in the benzo[g]chromene-5,10-dione moiety changes the
lipophilicity, it does not change the binding profile to HSA.

Supplementary Information

Supplementary information (spectroscopic analysis on
the interactive profile between HSA and 2-4) is available
free of charge at http://jbcs.sbq.org.br. as PDF file.
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