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A series of 2-amino-1,4-naphthoquinone derivatives (NQA-NQF) was synthesized by 
alternative methods (ultrasonication and microwave irradiation), with yields ranging from 40 to 
71%, and without the need of further recrystallization. Each compound was evaluated against four 
Gram-positive (Bacillus subtilis, Enterococcus faecalis, Staphylococcus aureus and Bacillus cereus) 
and five Gram-negative (Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Acinetobacter baumannii and Klebsiella pneumoniae positive β-lactamase) bacteria strains. The 
NQF was the most active amino-naphthoquinone derivative with minimum inhibitory concentration 
(MIC) of 31.2 µg mL-1 against K. pneumoniae positive β-lactamase (a common intestinal bacteria 
which can cause life-threatening infections). On the other hand, NQA and NQC showed good 
activity as a potential antibiotic for the bacteria strains assayed, except for K. pneumoniae. In 
addition, the affinity of these three most active compounds (NQA, NQC, and NQF) for human 
serum albumin (HSA) was evaluated employing multiple spectroscopic techniques (steady-state, 
time-resolved, and synchronous fluorescence, as well as circular dichroism), combined with 
theoretical calculations (molecular docking). The interaction HSA:2-amino-1,4-naphthoquinones 
occurs spontaneously and moderately inside the subdomain IIA (Sudlow’s site I) via hydrogen 
bonding and van der Waals forces.
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Introduction

Naphthoquinones are natural aromatic compounds 
which can be found in various plant species, fungi, and 
bacteria. They are structurally related to naphthalene, 
with carbonyl groups being substituted at the 1,4 or 
1,2 positions. The 1,4-naphthoquinones are known for 
their broad biological activity, including antitumor and 
antiproliferative,1,2 antimicrobial,3-5 and anti-inflammatory.6 

The biological activity of naphthoquinones is generally 
related to a redox process of the quinone system, which may 
lead to the formation of reactive oxygen species (ROS).7 A 
proposed mechanism for this behavior may be due to the 
activation of futile cycling of the drug by the cytoplasmic 
two-electron reductase by the nicotinamide adenine 
dinucleotide phosphate oxidase (NAD(P)H):quinone 
oxidoreductase, also known as NQO1. This mechanism 
gives rise to highly reactive free radicals that are responsible 
for the cellular oxidative stress.8 The antimicrobial activity 
of naphthoquinone derivatives against various species of 
bacteria and fungi is well known.9,10
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In recent years, an increasing number of bacterial 
species have shown resistance to clinical antibiotics. 
Thus, the prevalence of strains of Staphylococcus aureus, 
Pseudomonas spp. and Streptococcus spp. resistant to 
conventional antibiotics has reached high levels in some 
hospitals.11-13 The development of new antimicrobial agents 
is considered an extremely important research area, and, in 
this sense, the use of naphthoquinone derivatives has attracted 
great attention due to their potential antibacterial action.14

Studies on molecular interactions of potential drugs 
with biomacromolecules (mainly transporter proteins) 
have been contributed significantly to a preliminary 
understanding of the biodistribution and availability of 
small compounds in biological fluids. According to this, 
human serum albumin (HSA, the most abundant protein 
in human plasma) has been used as a target to preliminary 
biodistribution evaluation, due to its ability to transport 
different classes of molecules and/or drugs in the human 
bloodstream.15-17 From the structural point of view, HSA is 
a heart-shaped protein containing 585 amino acid residues, 
which are arranged in three domains (I, II and III), with 
each domain being divided into two subdomains (A and 
B). The main internal fluorophore of HSA is the Trp-214 
residue, located in the subdomain IIA.18 Generally, ligands 
which bind in the subdomain IIA (site I-negatively charged 
protein pocket) are compounds which present heterocyclic 
aromatic moieties, e.g., warfarin and azapropazone. This 
protein pocket is also known as Sudlow’s site I. On the 
other hand, aromatic carboxylic acids like ibuprofen and 
aryl propionic acids generally bind in the subdomain IIIA, 
also known as Sudlow’s site II.19,20

In the present  work the s ix 2-alkylamino-
1,4-nahthoquinone derivatives shown in Figure 1, 
namely: 2-(benzylamino)-1,4-naphthoquinone (NQA), 
2-(phenethylamino)-1,4-naphthoquinone (NQB), 

2-[(2’-hydroxypropyl)amino]-1,4-naphthoquinone (NQC), 
2,2’’-[ethane-1,2-diyldi(amino)]-di-1,4‑naphthoquinone 
( N Q D ) ,  2 - [ ( 3 ’ , 3 ’ - d i p h e n y l p r o p y l ) a m i n o ] -
1,4‑naphthoquinone (NQE), and 2-(hydroxyethylamino)-
1,4-naphthoquinone (NQF), were synthesized. Importantly, 
of the six synthesized 2-alkylamino-1,4-nahthoquinone 
derivatives, four of them (NQB, NQC, NQD, and NQE) 
have not yet been described in the literature. The activity of 
these naphthoquinone derivatives was evaluated against four 
Gram-positive (Bacillus subtilis, Enterococcus  faecalis, 
Staphylococcus aureus and Bacillus cereus) and five 
Gram-negative (Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Acinetobacter baumannii and 
Klebsiella pneumoniae positive β-lactamase) bacteria 
strain. In addition, HSA affinity for the three most active 
compounds, i.e., NQA, NQC, and NQF, was assessed 
by multiple spectroscopic techniques (steady-state, 
time-resolved, and synchronous fluorescence, as well as 
circular dichroism) combined with theoretical calculations 
(molecular docking).

Experimental

General information

The melting points of the products were determined 
on a Gehaka PF 1500 Farma apparatus and were 
not corrected. Nuclear magnetic resonance (1H and 
distortionless enhancement by polarization transfer 
(DEPTQ)  NMR) spectra were recorded on a Bruker 
Avance III spectrometer (1H in 500 MHz and DEPTQ in 
125 MHz) using tetramethylsilane (TMS) as the internal 
standard and chloroform-d (CDCl3) as the solvent. Infrared 
spectra (FTIR) were recorded on a Bruker Vertex  70 
spectrophotometer using a platinum attenuated total 

Figure 1. Chemical structure for the 2-alkylamino-1,4-naphthoquinones: NQA-NQF.
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reflection (ATR) accessory. Elemental analysis was 
performed on a PerkinElmer 2400 CHN at the Laboratory 
of Environmental Science of the Universidade Estadual 
do Norte Fluminense (UENF). The microwave-assisted 
organic reactions were performed in a CEM Discovery 
System reactor.

Commercially available 1,4-naphthoquinone, 
phenylmethanamine, 2-phenylethanamine, 1-aminopropan-
2-ol,  ethane-1,2-diamine,  3,3-diphenylpropan-
1‑amine, 2-aminoethanol, CDCl3, silica gel 60 F254, 
p-iodonitrotetrazolium, chloramphenicol, HSA, ibuprofen, 
warfarin and phosphate buffer solution (PBS, 1.00 × 10-2 M 
phosphate buffer, 2.70 × 10-3 M potassium chloride and 
1.37 × 10-1 M sodium chloride, at pH 7.4) were purchased 
from Sigma-Aldrich Chemical Company, St. Louis, MO, 
USA. Water used in all experiments was Millipore grade 
(Merck KGaA company, Darmstadt, Germany). The 
n-hexane, ethyl acetate, ethanol, dimethyl sulfoxide (DMSO), 
and acetonitrile (spectroscopic grade) were obtained from 
Vetec, Química Fina Ltda, Rio de Janeiro, Brazil.

General procedure for the synthesis of 2-amino-
1,4‑naphthoquinones

Method A: about 1 mmol of 1,4-naphthoquinone 
was solubilized in ethanol (2.0 mL) and submitted to an 
ultrasound bath for 10 min. In the same flask, 1.5 mmol 
of the adequate amine was added and the reaction mixture 
was sonicated for 1 h at room temperature. The product 
formation was monitored by thin-layer chromatography 
(TLC, silica gel 60 F254) using n-hexane:ethyl acetate 
(70:30) as eluent. After filtration using medium filter paper, 
the resulting solid was washed thoroughly with ethanol to 
give the corresponding 2-amino-1,4-naphthoquinone with 
high purity.

Method B: using the same stoichiometric conditions 
as method A, the reaction mixture was submitted to a 
microwave reactor (CEM Discovery System) for 1 h at 
room temperature. Product formation was monitored by 
TLC and, after filtration, the obtained solid was washed 
intensively with ethanol.

2-(Benzylamino)-1,4-naphthoquinone (NQA)
Bright orange solid; yield 47% (method A), 71% 

(method B); mp 156 °C (154.5-155.5°C);21 FTIR (ATR) 
ν  /  cm-1 3061, 3032, 3002 (N-H), 1680, 1592 (C=O), 
2360, 2341 (C-N), 1558, 1440 (C=C); 1H NMR (500 MHz, 
CDCl3) d 8.12 (d, 1H, J 5.0 Hz, H-2), 7.75 (t, 1H, J 13.8 Hz, 
H-3), 7.64 (t, 1H, J 13.8 Hz, H-4), 8.08 (d, 1H, J 5.0 Hz, 
H-5), 5.81 (s, 1H, H-7), 4.40 (d, 2H, J 1.3 Hz, H-9), 7.35 
(m, 5H, H-12, H-13, H-14); 13C NMR (125 MHz, CDCl3) 

d 181.9 (C-1), 133.6 (C-1a), 127.7 (C-2), 132.1 (C-3), 134.8 
(C-4), 126.3 (C-5), 130.5 (C-5a), 183.1 (C-6), 101.8 (C-7), 
147.7 (C-8), 46.8 (C-9), 135.9 (C-10), 129.0 (C-11), 129.0 
(C-12), 129.0 (C-13), 129.0 (C-14), 129.0 (C-15).

2-(Phenethylamino)-1,4-naphthoquinone (NQB)
Bright red solid; yield 32% (method A), 40% 

(method B); mp 145.1 °C; FTIR (ATR) ν / cm-1 3060, 3036, 
3031 (N-H), 2962, 2919, 2867 (C-H), 2360, 2341 (C-N), 
1671, 1595 (C=O), 1618, 1567, 1465 (C=C); 1H  NMR 
(500 MHz, CDCl3) d 8.12 (sl, 1H, H‑2), 7.74 (sl, 1H, H‑3), 
7.63 (sl, 1H, H‑4), 8.04 (sl, 1H, H‑5), 5.80 (sl, 1H, H‑7), 
3.48 (sl, 2H, H‑9), 3.01 (sl, 2H, H‑10), 7.36 (m, 5H, H‑12, 
H‑13, H‑14, H‑15, H‑16); 13C NMR (125 MHz, CDCl3) 
d 181.8 (C‑1), 133.6 (C‑1a), 127.0 (C‑2), 132.0 (C‑3), 134.8 
(C‑4), 126.3 (C‑5), 130.5 (C‑5a), 183.0 (C‑6), 101.0 (C‑7), 
147.7 (C‑8), 43.7 (C‑9), 34.3 (C‑10), 137.8 (C‑11), 128.9 
(C‑12 and C‑15), 128.6 (C‑13 and C‑16); anal. calcd. for 
C18H15NO2: C, 77.96; H, 5.45; N, 5.05, found: C, 78.05, 
H, 5.41, N, 5.12.

2-[(2’-Hydroxypropyl)amino]-1,4-naphthoquinone (NQC)
Brown solid; yield 37% (method A), 70% (method B); 

mp 159 °C; FTIR (ATR) ν / cm-1 3292 (O-H), 2971, 2936, 
2907, 2884 (C-H), 2359, 2342 (C-N), 1682, 1598 (C=O), 
1623, 1564, 1470 (C=C); 1H  NMR (500  MHz, CDCl3) 
d 8.08 (d, 1H, J 7.5 Hz, H‑2), 7.72 (t, 1H, J 13.8 Hz, H‑3), 
7.61 (t, 1H, J 13.8 Hz, H‑4), 8.02 (d, 1H, J 7.5 Hz, H‑5), 
5.77 (s, 1H, H‑7); 13C NMR (125 MHz, CDCl3) d 181.7 
(C‑1), 133.5 (C‑1a), 126.3 (C‑2), 132.1 (C‑3), 134.8 (C‑4), 
126.2 (C‑5), 130.5 (C‑5a), 183.2 (C‑6), 101.1 (C‑7), 148.2 
(C‑8), 49.4 (C‑9), 65.7 (C‑10), 21.4 (C‑11); anal. calcd. for 
C13H13NO3: C, 67.52; H, 5.67; N, 6.06, found: C, 67.59, 
H, 5.61, N, 6.15.

2,2’’-[Ethane-1,2-diyldi(amino)]-di-1,4-naphthoquinone 
(NQD)

Brown solid; yield 30% (method A), 71% (method B); 
mp 144 °C; FTIR (ATR) ν / cm-1 3052 (N-H), 2958, 2936 
(C-H), 2359, 2342 (C-N), 1682, 1591 (C=O), 1613, 1561, 
1455 (C=C); 1H NMR (500 MHz, CDCl3) d 8.11 (m, 2H, 
H‑2, H‑5), 7.57 (m, 2H, H‑3, H‑4), 5.65 (s, 1H, H‑7), 3.75 
(dd, 2H, J 2.5 Hz, H‑9); 13C NMR (125 MHz, CDCl3) d 
179.9 (C‑1), 133.9 (C‑1a), 127.3 (C‑2), 131.6 (C‑3), 131.7 
(C‑4), 126.6 (C‑5), 133.4 (C‑5a), 100.8 (C‑7), 151.2 (C‑8), 
49.0 (C‑9); anal. calcd. for C22H16N2O4: C, 70.96; H, 4.33; 
N, 7.52, found: C, 71.08, H, 4.12, N, 7.58.

2-[(3’,3’-Diphenylpropyl)amino]-1,4-naphthoquinone (NQE)
Bright brown solid; yield 58% (method A), 67% 

(method B); mp 152 °C; FTIR (ATR) ν / cm-1 3060, 3025, 



da Silva et al. 1841Vol. 31, No. 9, 2020

2974, 2885 (C-H), 2360, 2342 (C-N), 1676, 1591 (C=O), 
1620, 1566, 1466 (C=C); 1H  NMR (500  MHz, CDCl3) 
d 8.12 (d, 1H, J 5.0 Hz, H‑2), 7.74 (t, 1H, J 15.0 Hz, H‑3), 
7.62 (t, 1H, J 15.0 Hz, H‑4), 8.08 (d, 1H, J 5.0 Hz, H‑5), 
5.65 (s, 1H, H‑7), 3.18 (q, 2H, H‑9), 2.47 (q, 2H, H‑10), 
4.03 (t, 1H, H‑11), 7.33 (m, 10H, H‑13, H‑14, H‑15, H‑16, 
H‑17); 13C NMR (125 MHz, CDCl3) d 181.9 (C‑1), 133.6 
(C‑1a), 126.7 (C‑2), 132.0 (C‑3), 134.8 (C‑4), 126.3 (C‑5), 
130.5 (C‑5a), 182.9 (C‑6), 101.0 (C‑7), 147.8 (C‑8), 41.2 
(C‑9), 33.8 (C‑10), 48.9 (C‑11), 143.6 (C‑12), 128.8 (C‑13 
and C‑17), 127.6 (C‑14 and C‑16), 126.2 (C‑15); anal. 
calcd. for C25H21NO2: C, 81.72; H, 5.76; N, 3.81, found: 
C, 81.82, H, 5.69, N, 3.89.

2-[(2’-Hydroxyethyl)amino]-1,4-naphthoquinone (NQF)
Bright brown solid; yield 20% (method A), 40% 

(method B); mp 156 °C (159.5-160.2 °C);22 FTIR (ATR) 
ν / cm-1 3341 (O-H), 3058 (N-H), 2978, 2935, 2886 (C-H), 
2360, 2342 (C-N), 1674, 1593 (C=O), 1553, 1467 (C=O); 
1H NMR (500 MHz, CDCl3) d 8.11 (d, 1H, J 6.6 Hz, H-8), 
8.06 (d, 1H, J 6.6 Hz, H-5), 7.75 (t, 1H, J 7.7 Hz, H-6), 
7.64 (t, 1H, J 7.7 Hz, H-7), 6.26 (sl, 1H), 5.79 (s, 1H, H-3), 
3.95 (t, 2H, J 5.0 Hz, H-11), 3.40 (q, 2H, J 5.0 Hz, H-10); 
13C NMR (125 MHz, CDCl3) d 148.2 (C-2), 134.8 (C-6), 
132.1 (C-7), 126.4 (C-8), 126.2 (C-5), 101.1 (C-3), 60.0 
(C-11), 44.4 (C-10).

Antibacterial assays

The antibacterial assays were performed with 
Gram-positive (Bacillus subtilis  INCQS 00001,  
Enterococcus faecalis CCBH 5069, Staphylococcus aureus 
I N C Q S  0 0 0 1 5  a n d  B a c i l l u s  c e re u s  I N C Q S 
00304)  and Gram-negat ive  (Escherichia   col i 
CCBH 3860,  Klebs ie l la   pneumoniae  INCQS 
000532, Pseudomonas  aeruginosa INCQS 00099, 
Acine tobac te r   baumann i i  CCBH 24360  and 
Klebsiella pneumoniae ATCC 70063 positive β-lactamase) 
as microorganisms. Bacteria were obtained from copies 
stored at 193 K and cultured in Mueller Hinton Agar 
(Oxioid, Basingtoke, UK) by 24 h at 310 K. After, were 
standardized at 3.4 × 108 colony-forming unit (CFU) mL-1 
and diluted to 107  CFU  mL-1 for minimum inhibitory 
concentration (MIC) determination.

The MIC values (including the cutoff points to characterize 
the compounds in terms of their antimicrobial activity) were 
obtained by the microdilution broth method adapted from the 
literature.23 The assays were performed in 96-well culture 
microplates and the 2-amino-1,4‑naphthoquinones were 
solubilized in DMSO:Mueller Hinton Broth (1:1) in the range 
of concentration 500‑3.9 µg mL-1. The chloramphenicol was 

used as a positive control in the range of 64-0.5 µg mL-1 and 
the mixture Muller Hinton Broth was evaluated to verify the 
possible influence on microorganism growth. The growth 
control was also used to verify the viability of bacteria, as 
well as a sterility test to control non-contamination by other 
microorganisms. The inoculum suspension (5.0 µL each 
well) was applied into microplates and incubated at 310 K 
overnight. After, p-iodonitrotetrazolium violet (p-INT) 
in aqueous solution (20 µL) was added and incubated at 
310 K for 1-2 h. The MIC values were defined as the lowest 
concentration of the compound that completely inhibits the 
bacterial growth observed by the permanence of the red 
coloring of the colorimetric reagent (p-INT).24 All tests were 
performed in triplicate.

Human serum albumin binding studies

Spectroscopic analysis of the interaction HSA:NQA/NQC/
NQF

UV-Vis and steady-state fluorescence spectra were 
measured on a Jasco J-815 fluorimeter coupled with 
thermostated cuvette holder Jasco PFD-425S15F with 
0.1 °C accuracy (Jasco Easton, MD, USA). All spectra were 
recorded with appropriate background corrections. The 
UV-Vis spectrum for NQA, NQC and NQF (1.32 × 10-5 M) 
was recorded in the 200-600 nm range, in PBS, at 310 K. 
For steady-state fluorescence measurements (290‑450 nm 
range and λexc = 280 nm, at 296, 303 and 310 K), successive 
aliquots from a stock solution of NQA, NQC and NQF 
(1.00 × 10-3 M, in acetonitrile) were added to 3.0 mL of 
HSA solution (1.00  ×  10-5 M, in PBS), leading to final 
ligand concentration of 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 
1.15 and 1.32 × 10-5 M. The steady-state fluorescence data 
were analyzed at the maximum fluorescence emission 
wavelength (λexc = 340 nm).

Since NQA, NQC, and NQF showed significant 
absorption at the excitation and emission wavelengths (280 
and 340 nm, respectively, Figure S1 in the Supplementary 
Information (SI) section), the inner filter correction was 
applied to the steady-state fluorescence data, according to 
equation 1:25

Fcor = Fobs × 10[(Aexc + Aem) / 2]	 (1)

where Fcor and Fobs are the corrected and observed fluorescence 
intensity values. Aexc and Aem are the absorbance values for 
each ligand at excitation (λ = 280 nm: ε = 20,355; 31,613 
and 61,913 cm-1 M-1, for NQA, NQC and NQF, respectively 
in PBS) and emission wavelength (λ = 340: ε = 2,955; 5,157 
and 7,332 cm-1 M-1, for NQA, NQC and NQF, respectively 
in PBS).
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The following equations (equations 2-6) were applied to 
determine the binding parameters employing steady-state 
fluorescence emission spectroscopy:26,27

	 (2)

kq = Ksv / τo	 (3)

	 (4)

ln Ka = - DH°/RT + DS°/R	 (5)
DG° = DH° - T DS°	 (6)

where, F0 and F are the steady-state fluorescence 
intensities of HSA in the absence and presence of 
each naphthoquinone derivative, respectively. The Ksv 
and kq are the Stern-Volmer quenching constant and 
bimolecular quenching rate constant, respectively. The 
[Q] and τo are the NQA, NQC and NQF concentration and 
fluorescence lifetime of HSA without naphthoquinones 
((5.90 ± 0.10) × 10-9 s, experimental data), respectively. The 
Ka and ƒ are the modified Stern-Volmer binding constant 
and fraction of the initial fluorescence that is accessible to 
each naphthoquinone derivative (ƒ ca. 1.00), respectively. 
The DH°, DS°, DG° are the enthalpy, entropy, and Gibbs 
free energy, respectively. The R and T are the gas constant 
(R = 8.314 × 10-3 kJ mol-1 K-1) and temperature (296, 303, 
and 310 K), respectively.

Site marker competitive experiments were performed 
with warfarin (as site I marker) and ibuprofen (as site  II 
marker).19 First, 3.0 mL of the 1.00 × 10-5 M HSA solution 
was added to a cuvette, followed by the addition of 
1.00 × 10-5 M warfarin or ibuprofen solution (proportion 
HSA:site marker of 1:1) (λexc = 340 nm). Then, successive 
aliquots from a stock solution of NQA, NQC and NQF 
(1.00 × 10-3 M, in acetonitrile) were added to HSA:site 
marker solution, leading to final ligand concentration of 0.17; 
0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10-5 M at 296 K.

Time-resolved fluorescence measurements were 
performed in a model FL920 CD fluorimeter from 
Edinburgh Instruments, equipped with an EPL laser 
(λexc  =  280  ±  10  nm; pulse of 850 ps and energy of 
1.8  µW  pulse-1) at room temperature (ca. 298 K). The 
fluorescence emission was monitored at 340 nm. Time-
resolved fluorescence decay for HSA (1.00  ×  10-5 M) 
(λem = 340 nm) was obtained in the absence and in the 
presence of NQA, NQC or NQF (1.32  ×  10-5 M). This 
later concentration corresponds to the maximum ligand 
concentration used in the steady-state fluorescence 
measurement.

Synchronous fluorescence (SF) spectra were recorded 
in a spectrofluorimeter model Xe900 from Edinburgh 

Instruments. The SF spectra were recorded for HSA 
(1.00  ×  10-5 M) without and in the presence of NQA, 
NQC and NQF (final concentration ranging from 0.17 
to 1.32  ×  10-5 M), at room temperature (ca. 298 K). 
Spectra were recorded in the 245-320 nm range by setting 
Dλ = 60 nm (for tryptophan) and Dλ = 15 nm (for tyrosine).

Circular dichroism (CD) spectra were measured in a 
spectropolarimeter Jasco J-815 employing a thermostatic 
cuvette holder Jasco PFD-425S15F with 0.1 °C accuracy 
(Jasco Easton, MD, USA). All spectra were recorded 
with appropriate background corrections. The CD 
spectra were recorded in the 200-260 nm range for HSA 
solution(1.00 × 10-6 M) without and in the presence of the 
maximum ligand concentration used in the steady state 
fluorescence measurements (1.32  ×  10-5 M), at 310 K. 
CD results were expressed in terms of significant molar 
residual ellipticity (MRE) in deg cm2 dmol-1, according 
to equation 7:28

MRE = θ / 10nlCp	 (7)

where θ, n, l and Cp are the observed ellipticity (mdeg), 
number of amino acid residues (585 to HSA),18 length 
of the optical cuvette (1.0 cm) and molar concentration 
for HSA (1.00  ×  10-6 M), respectively. The loss on the 
helical structure of the protein due to ligand binding can 
also be quantitatively calculated as contents of free and 
combined HSA from MRE values at 208 and 222 nm, using 
equations 8 and 9:28

α-helix (%) = [(-MRE208 – 4000) / (33000 – 4000)]  
× 100 	 (8)

α-helix (%) = [(-MRE222 – 2340) / 30300] × 100	 (9)

where, MRE208 and MRE222 are the significant molar 
residual ellipticities (deg cm2 dmol-1) at 208 and 222 nm, 
respectively.

Molecular docking analysis

The crystallographic structure of HSA was obtained 
from the Protein Data Bank (PDB code 1N5U).18 The NQA, 
NQC, and NQF structures were built and energy-minimized 
with density functional theory (DFT), method Becke-3-Lee 
Yang Parr (B3LYP) with the standard 6-31G* basis set, 
available in the Spartan’14 program (Wavefunction, Inc., 
Irvine, CA, USA).29 Molecular docking was performed with 
GOLD 5.6 program (CCDC, Cambridge Crystallographic 
Data Centre),30 using the standard score function ChemPLP. 
The figure of the best docking pose for the largest docking 
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score value was generated with the PyMOL program 
(DeLano Scientific LLC).31 Further details on molecular 
docking calculation were already reported in previous 
publications.20,32

Results and Discussion

Synthesis and antibacterial assays 

Two main methods have been described in the literature 
for the synthesis of 2-(alkylamino)-1,4-nahthoquinone 
derivatives:33 the first method involves a Michael 
1,4-addition reaction between 1,4-naphthoquinone 
and the corresponding amino compound to afford 
the 2-amino-1,4‑naphthoquinone. In the second, a 
nucleophilic substitution reaction between either a mono 
or a dihalogenated 1,4-naphthoquinone derivative and an 
amino compound is involved. It is important to note that 
both methods are inefficient, leading to low yields and 
laborious purification.

In the present work the synthesis of the 2-alkylamino-
1,4-naphthoquinones was performed using two alternative 
methods, such as ultrasound (method A)21,33 or microwave 
irradiation (method B). 1,4-Naphthoquinone and the 
appropriate amine were the starting material and ethanol 
was used as solvent. Among the two methods used, the 
one with the best results was the reaction with microwave 
irradiation. In this case, reasonable yields (40 to 71%) 
were obtained for product formation. One of the major 
advantages in the present synthetic method is that there 
is not the necessity to get 2-chloro-naphthoquinone as 
intermediate (high reactive and toxicity). The chemical 
structure for the 2-alkylamino-1,4-naphthoquinones is 
shown in Figure 1, whereas the Fourier-transform infrared 

(FTIR) and nuclear magnetic resonance (NMR 1H and 
13C) spectra related to their characterization are shown in 
Figures S2-S19 in the SI section.

The main 1H NMR chemical shifts for the compounds 
NQA-NQF showed H-N values in the range of d 5.93-6.29. 
and d 5.65-5.81 for the H-3 associated to the quinone ring. 
The other 1H signals showed values in full agreement with 
the literature.2 The main 13C NMR chemical shifts were 
assigned to C-1 and C-4, in the range of d 181.9-181.7 
and 182.9-183.2, respectively, being in full accordance 
with the literature.2 In all cases, the chemical shift for 
the C-2 linked to the amino moiety was observed in the 
characteristic range of d 148.2-147.7. The chemical shift 
for C-3 was observed at d 101.0-101.8, clearly indicating 
the presence of the double bond of the quinone ring. The 
full spectrometric and spectroscopic characterization for 
NQA-NQF is shown in Figures S2-S19 in the SI section.

Bacterial infections are among the leading causes of 
death worldwide,34 mainly due to increased resistance 
of certain bacteria to commercial antibiotics.14,35 The 
antibacterial effect related to naphthoquinones is well 
known, either from vegetal species or of synthetic 
origin,5,36 and it is very well known that amino derivatives 
of naphthoquinones have been listed as more bioactive 
compounds than other naphthoquinone derivatives.3,5,37 
Based on this, the 2-amino-1,4-naphthoquinones 
(NQA‑NQF) were assayed against B. subtilis, E. faecalis, 
S. aureus, B. cereus, E. coli, K. pneumoniae, P. aeruginosa, 
A. baumannii and K. pneumoniae positive β-lactamase 
using the broth microdilution test,23 with chloramphenicol 
as the positive control (Table 1). To verify the influence 
of the solvent used to solubilize the organic compounds, 
DMSO was assayed towards the bacteria strains and did 
not show any inhibition activity (Table 1).

Table 1. Minimum inhibitory concentration (MIC) values for the 2-(alkylamino substituted)-1,4-nahthoquinones (NQA-NQF) assayed against Gram-
positive and Gram-negative bacteria strains

Compound

MIC / (µg mL-1)

Gram-positive Gram-negative

Bs Sa Ef Bc Pa Ec Ab Kp1 Kp2

NQA 125 31.2 250 31.2 500 31.2 500 NI 250

NQB NI 62.5 NI 125 NI NI 500 NI 250

NQC 62.5 62.5 62.5 62.5 500 62.5 250 NI 62.5

NQD NI 500 NI NI 500 NI 500 NI 500

NQE NI 250 NI NI NI NI 500 NI NI

NQF 62.5 62.5 62.5 62.5 250 62.5 125 250 31.2

Chloramphenicol 8 8 16 8 64 16 NI 64 16

DMSO NI NI NI NI NI NI NI NI NI

Growth + + + + + + + + +

Sterility - - - - - - - - -
Bs: Bacillus subtilis; Sa: Staphylococcus aureus; Ef: Enterococcus faecalis; Bc: Bacillus cereus; Pa: Pseudomonas aeruginosa; Ec: Escherichia coli; 
Ab: Acinetobacter baumannii; Kp1: Klebsiella pneumoniae; Kp2: Klebsiella pneumoniae positive to β-lactamase; NI: not inhibited; DMSO: dimethyl sulfoxide.
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Synthetic naphthoquinone NQA was the most active 
naphthoquinone against two Gram-positive bacteria 
(S. aureus and B. cereus), with minimum inhibitory 
concentration (MIC) values of 31.2 µg mL-1 in both 
cases. When comparing the structure of compounds NQA 
and NQB, there is clear evidence that the change from 
a phenylmethanamine group to a 2-phenylethanamine 
group in the naphthoquinone moiety leads to a decrease 
in the biological activity relative to Gram-positive bacteria 
(e.g., MIC values in the presence of NQB was 62.5 and 
125 µg mL-1 for S. aureus and B. cereus, respectively). On 
the other hand, the compounds NQC and NQF were more 
active than NQA for the Gram-positive bacteria B. subtilis 
and E. faecalis, with MIC value of 62.5 µg mL-1 in both 
cases. In this case, changing the 1-aminopropan-2-ol group 
to a 2-aminoethanol in the NQC and NQF structures, 
respectively, did not alter the inhibition profile towards 
Gram-positive bacteria, showing the same inhibition trend. 
These assayed compounds (except NQD, that did not show 
any significant antibacterial profile) were more active 
than some naphthoquinones derivatives described in the 
literature, e.g., 5-amino-8-hydroxy-1,4-naphthoquinone,38 
2,8-dihydroxy-5-amino-1,4-naphthoquinone, 5-amino-
6‑bromo-8-hydroxy-1,4-naphthoquinone, and 5-amino-
8‑hydroxy-1,4-naphthoquinone.39

Results from the antibacterial tests revealed that 
all compounds, except NQE, were active against 
K.  pneumoniae positive β-lactamase, bacteria with 
high resistance to clinical antibiotics. For this case, 
the MIC values were observed in the range of 250 to 
31.2 µg mL-1 and NQF was the most active compound 
(MIC = 31.2 µg mL-1). Probably, the biological activity 
of the synthetic naphthoquinone derivatives toward 
K.  pneumoniae positive β-lactamase bacteria should be 
through break down the bacterial cell wall.30 Importantly, 
K. pneumoniae positive β-lactamase is a common intestinal 
bacteria that can cause life-threatening infections, as well 
as hospital-acquired infections, such as pneumonia.34,40 
Overall, the synthetic amino naphthoquinones did not 
show better inhibition values than the commercial drug 
chloramphenicol. However, as NQA, NQC, and NQF 
showed good inhibition values against the bacteria tested, 
this is an indication that the three compounds mentioned are 
good scaffolds for the design of novel antibacterial drugs.

Determination of binding parameters for HSA:naphthoquinone 
derivatives

Among the synthetic naphthoquinones that showed the 
best antibacterial values (Table 1), the compounds NQA, 
NQC, and NQF were selected to study their interaction 

with HSA. The fluorescence properties of proteins result 
from the presence of aromatic amino acid residues such 
as phenylalanine (Phe), tyrosine (Tyr) and tryptophan 
(Trp). Although the fluorescence emission from HSA, 
at λexc = 280 nm, has a weak contribution from the Phe 
and Tyr residues,26,41 the intrinsic fluorescence of HSA is 
mainly due to the Trp-214 residue. The effect of NQA on 
HSA fluorescence intensity is shown in Figure 2. After the 
successive addition of a solution of NQA to HSA (constant 
concentration, in PBS) a decrease in the fluorescence 
intensity of the protein is observed, indicating a possible 
interaction between albumin and the naphthoquinone.42 The 
naphthoquinones NQC and NQF followed the same trend 
and the results are shown in Figure S20 in the SI section.

The fluorescence quenching of HSA can occur mainly 
through two possible mechanisms: static or dynamic. The 
Stern-Volmer analysis is a good approximation to detect the 
main fluorescence quenching mechanism (inset of Figure 2 
for NQA and inset of Figure S20 for NQC and NQF in the 
SI section). The values for the Stern-Volmer quenching 
constant (KSV) decrease with increasing temperature for 
all investigated naphthoquinone derivatives (Table 2). In 
addition, the bimolecular quenching rate constant (kq) 
values are about four orders of magnitude larger than the 
diffusion rate constant in water (kdiff ca. 7.40 × 109 M-1 s-1, 
at 305 K according to Smoluchowski-Stokes-Einstein 
theory)43 (Table 2). Based on these results, it can 
be concluded that the main fluorescence quenching 
mechanism for HSA:NQA, HSA:NQC, and HSA:NQF 
is static, as a consequence of a ground-state association 
between the protein and each of the naphthoquinones 
under study.20,44 These results are in agreement with those 

Figure 2. Steady-state fluorescence emission spectra for HSA in the 
absence and presence of successive additions of NQA at pH = 7.4 and 
310 K. [HSA] = 1.00 × 10-5 M, [NQA] = 0.17; 0.33; 0.50; 0.66; 0.83; 
0.99; 1.15 and 1.32 × 10-5 M. Inset: Stern-Volmer plots for HSA:NQA 
at 296, 303 and 310 K.
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previously published for the interaction between HSA and 
some naphthoquinones, such as, for example juglone,42 
plumbagin,45 and α-pyran derivatives.46

Further confirmation that the main fluorescence 
quenching mechanism is static was obtained by time-
resolved fluorescence measurements in the absence and in 
the presence of the maximum concentration of ligand used 
in steady-state fluorescence experiments (1.32 × 10-5 M). 
According to Figure 3 and Table 3, time-resolved 
measurements indicated that fluorescence for free HSA, 
in PBS, at room temperature, has two distinct lifetimes 
with different contributions, i.e, τ1 = 1.75 ± 0.11 ns (25.0% 
contribution) and τ2 = 5.90 ± 0.10 ns (75.0% contribution). 
These results are in agreement with those found in the 
literature.47 The fluorescence lifetimes for HSA without 
and in the presence of NQA, NQC, or NQF are the same 
in the experimental error, providing additional confirmation 
in favor of a static quenching process.20,47

The evaluation of modified Stern-Volmer binding 
constant (Ka) between serum albumin and a ligand is 
important for understanding the biodistribution of a 
potential drug in the plasma, body tissues, and organs. 
Too weak the binding can lead to a poor distribution of the 
molecule in the body, while a strong binding can decrease 
the concentration of free molecules in the bloodstream.48 

Table 2. Binding parameters values (KSV, kq, Ka, DH°, DS° and DG°) for the interaction HSA:NQA, HSA:NQC and HSA:NQF at 296, 303 and 310 K

Sample T / K KSV (× 104) / M-1 kq (× 1013) / (M-1 s-1) Ka (× 104) / M-1 DH° / (kJ mol-1) DS° / (kJ mol-1 K-1) DG° / (kJ mol-1)

HSA:NQA

296 8.11 ± 0.02 1.37 8.98 ± 0.26

-47.8 ± 4.9 0.0899 ± 0.016

-74.4

303 7.86 ± 0.07 1.33 4.54 ± 0.26 -75.0

310 6.81 ± 0.09 1.15 2.76 ± 0.26 -75.7

HSA:NQC

296 7.82 ± 0.02 1.32 3.83 ± 0.26

-31.6 ± 0.9 0.0189 ± 0.0028

-37.2

303 7.37 ± 0.03 1.25 2.88 ± 0.26 -37.3

310 7.15 ± 0.02 1.21 2.14 ± 0.26 -37.4

HSA:NQF

296 7.98 ± 0.02 1.35 4.66 ± 0.26

-37.8 ± 0.3 0.0384 ± 0.0011

-49.2

303 7.95 ± 0.02 1.34 3.25 ± 0.26 -49.4

310 7.86 ± 0.02 1.33 2.33 ± 0.26 -49.7

r2 for KSV and kq: 0.9994-0.9888; r2 for Ka: 0.9998-0.9980; r2 for DH°, DS° and DG°: 0.9998-0.9887. HSA: human serum albumin; T: temperature; 
Ksv: Stern-Volmer quenching constant; kq: bimolecular quenching rate constant; Ka: modified Stern-Volmer binding constant; DH°: enthalpy; DS°: entropy; 
DG°: Gibbs free energy.

Table 3. Time-resolved fluorescence parameters for HSA without and in the presence of NQA, NQC, and NQF at pH 7.4 and room temperature

Sample τ1 / ns Relative / % τ2 / ns Relative / % χ2

HSA 1.75 ± 0.11 25.0 5.90 ± 0.10 75.0 1.179

HSA:NQA 1.72 ± 0.10 22.5 5.86 ± 0.11 77.5 1.076

HSA:NQC 1.73 ± 0.09 23.4 5.87 ± 0.10 76.6 1.193

HSA:NQF 1.70 ± 0.10 23.0 5.84 ± 0.09 77.0 1.168

t1: first fluorescence lifetime; t2: second fluorescence lifetime; c2: chi squared (measures the goodness of fit of experimental data to a bi-exponential 
decay); HSA: human serum albumin.

Figure 3. Time-resolved fluorescence decays and its residuals for HSA 
without and in the presence of NQA, NQC, or NQF at pH = 7.4 and 
room temperature. IRF: instrument response function (a mixture of TiO2, 
water, and glycerol).
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Figure 4 shows the modified Stern-Volmer plots for 
HSA:NQA, at 296, 303, and 310 K, while Figure S21 in 
the SI section shows similar plots for NQC and NQF. The 
Ka values for the interaction HSA:naphthoquinones are 
of the order of 104 M-1 (Table 2), indicating a moderate 
binding affinity between the three potential antibacterial 
naphthoquinones and albumin,47,48 a result similar to that 
found for other 1,4-naphthoquinones, as for example, a 
synthetic derivative of pyran or a natural product such as 
α-lapachone.46,49

Small molecules are usually bound to macromolecules 
through four binding modes: hydrogen bond, van der 
Waals forces, and electrostatic or hydrophobic interactions. 
Thermodynamic parameters, such as the enthalpy (DH°) 
and the entropy (DS°) of a reaction are important for 
confirming the acting force on the binding process.50 The 
temperatures chosen for determining the binding parameters 
were 298, 303 and 310 K since at these temperatures 
HSA does not suffer any structural degradation. The 
thermodynamic parameters were obtained via the van’t 
Hoff approximation (inset of the Figure 4 for NQA and of 
the Figure S21 in the SI section for NQC and NQF) and 
the results are shown in Table 2. The signal and magnitude 
of the thermodynamic parameters can be associated with 
the various individual interactions that are present in the 
association process between small molecules and proteins.51 
An inspection of Table 2 shows that for the interaction 
HSA:NQA, HSA:NQC and HSA:NQF DH° have negative 
values, while the values for DS° are positive. This indicates 
that hydrogen bonding and electrostatic forces play a 
key role in the albumin’s ability to interact with these 
naphthoquinones.51 Furthermore, the negative sign for the 
Gibbs free energy (DG°) means that the interaction process 

is spontaneous, being both enthalpically (DH° < 0) and 
entropically (DS° < 0) driven.29 These results show the same 
trend when compared to those for the interaction between 
HSA and some synthetic α-pyran naphthoquinones, such 
as 2-phenyl-2,3-dihydronaphtho[2,3-b]furan-4,9-dione 
and 2-(4-bromophenyl)-2,3-dihydronaphtho[2,3-b]furan-
4,9‑dione.46

Structural and microenvironmental perturbation on HSA 
structure upon ligand binding

Conformational changes in HSA as a function of 
the addition of synthetic naphthoquinones NQA, NQC, 
and NQF were evaluated using CD and SF techniques. 
In the far-UV CD spectrum of HSA, the appearance 
of two negative absorption bands (minima) at 208 nm 
(π–π*) and 222 nm (n–π*) (Figure 5) characterizes the 
presence of α-helical content in the albumin structure.52 
Figure 5 illustrates the CD spectra changes upon NQA 
binding to HSA in the far-UV region, whereas the results 
for NQC and NQF are shown in the Figure S22 of the 
SI section. The α-helical content for HSA is about 65.9 
and 61.3% at 208 and 222 nm, respectively (Table 4). 
After the addition of the naphthoquinone derivative there 
was a decrease in the helical content of the albumin 
structure; however, this loss of ellipticity was very weak, 
showing a perturbation of 2.30% (at 208 nm) and 2.20% 
(at 222 nm) in the presence of NQA (Table 4). This 
is a clear indication that NQA can be accommodated 
inside the albumin structure without a significant 
perturbation of the secondary structure of the protein. The 
compounds NQC and NQF showed the same trend. In 
the literature, some synthetic naphthoquinone derivatives 
(2-phenyl-2,3-dihydronaphtho[2,3-b]furan-4,9‑dione 

Figure 4. Modified Stern-Volmer plots for HSA:NQA at 296, 303, and 
310 K. Inset: van’t Hoff plot for HSA:NQA. [HSA] = 1.00 × 10-5 M 
and [NQA] = 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10-5 M.

Figure 5. Circular dichroism spectra for HSA in the absence and in 
the presence of NQA at 310 K (pH = 7.4). [HSA] = 1.00 × 10-6 M and 
[NQA] = 1.32 × 10-5 M.
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and 2-(4-bromophenyl)-2,3-dihydronaphtho[2,3-b]furan-
4,9‑dione) also did not perturb significantly the secondary 
structure of albumin.46

In SF emission spectroscopy, characteristic information 
on tyrosine or tryptophan residues can be obtained when 
the Dλ between the excitation and emission wavelengths is 
set at 15 or 60 nm, respectively.50 The SF spectra resulting 
from the interaction between NQA and HSA are presented 
in Figure 6, while Figure S23 in the SI section shows SF 
spectra for HSA:NQC and HSA:NQF. These spectra clearly 
show that the fluorescence intensity of HSA decreases 
regularly along with the addition of naphthoquinones NQA, 
NQC, and NQF, further demonstrating the occurrence of 
fluorescence quenching in the binding process. Moreover, 
there was no significant shift in the maximum emission 
wavelength with Dλ = 15 nm, implying that the interaction 
of these naphthoquinones with HSA does not affect the 
microenvironment around Tyr residues.53 On the other 
hand, when Dλ = 60 nm, the addition of NQA, NQC, and 
NQF to the albumin solution led to a slight red shift of 
the HSA signal (from 280 to 283; 288; and 288 nm for 
NQA, NQC, and NQF, respectively), indicating that they 
can perturb the microenvironment around the Trp-214 
residue by increasing the polarity around this main albumin 
fluorophore.54,55

Competitive binding studies and molecular docking analysis

The HSA framework has two major binding sites for 
organic compounds, known as Sudlow’s sites I and II.19 In 
order to determine which major binding site was involved 
during the interaction process between HSA and the 
naphthoquinones NQA, NQC, and NQF, competitive drug 
displacement experiments were performed using warfarin 
(site I, located in subdomain IIA) and ibuprofen (site II, 
located in subdomain IIIA) as marker sites.

The HSA structure has two main binding sites for 
organic compounds, known as Sudlow’s site I and II.19 
In order to determine which major binding site was 
involved in the interaction process between HSA and the 
naphthoquinones NQA, NQC, and NQF, competitive drug 
displacement experiments were performed using warfarin 
(site I, located in subdomain IIA) and ibuprofen (site II, 
located in subdomain IIIA) as marker sites. Figure S24 
in the SI section depicts modified Stern-Volmer plots for 
the interaction HSA:NQA, HSA:NQC and HSA:NQF in 
the presence of warfarin or ibuprofen, at 296 K. The Ka 
values in the presence of warfarin were (7.61 ± 0.15), 
(3.18  ±  0.19), and (3.89 ± 0.19)  ×  104 M-1 for NQA, 
NQC, and NQF, respectively. On the other hand, when 
in the presence of ibuprofen Ka values of (8.59 ± 0.14), 
(3.73 ± 0.21), and (4.61 ± 0.17) × 104 M-1 were obtained for 

Table 4. Quantitative α-helix content for the interaction between HSA:NQA/NQC/NQF at 310 K. [NQA] = [NQC] = [NQF] = 1.32 × 10-5 M

Sample α-helix (208 nm) / % D208α-helix / % α-helix (222 nm) / % D222α-helix / %

HSA 65.9 - 61.3 -
HSA:NQA 63.6 2.30 59.1 2.20

HSA:NQC 65.5 0.40 59.4 1.90

HSA:NQF 64.1 1.80 59.3 2.00

HSA: human serum albumin.

Figure 6. SF spectra for HSA without and in the presence of successive additions of NQA at (a) Dλ = 15 nm (tyrosine) and (b) Dλ = 60 nm (tryptophan). 
[HSA] = 1.00 × 10-5 M and [NQA] = 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10-5 M.
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NQA, NQC, and NQF, respectively. A comparison of the 
Ka values obtained for these synthetic naphthoquinones in 
the absence of local markers at 296 K (Table 2) with those 
obtained in the presence of either warfarin or ibuprofen 
shows that the binding constant Ka in the presence of 
warfarin decreased by about 15.3, 17.0 and 16.5% for NQA, 
NQC, and NQF, respectively, remaining unchanged in the 
presence of ibuprofen. These results are clear evidence that 
these synthetic naphthoquinones compete with warfarin 
for the same local binding. Thus, it can be concluded that 
Sudlow’s site I (subdomain IIA) is the primary binding 
pocket for NQA, NQC, and NQF.20,54

Since experimental results indicated site I as the 
main protein’s binding pocket for NQA, NQC, and NQF, 
molecular docking calculations were carried out to offer 
a molecular level explanation on the binding ability 
between HSA:naphthoquinones. Figure 7 depicts the best 
docking pose for each ligand inside subdomain IIA and 
Table 5 shows the main amino acid residues which can 
interact to each ligand, as well as its distance and type of 
intermolecular force.

Molecular docking results suggested that NQC and NQF 
have a quite similar docking pose (Figure 7a), explaining 
the similarity in the binding constant values (Table 2), while 
NQA presented a different pose. Theoretical calculations 
suggested hydrogen bonding and van der Waals forces 
as the main type of intermolecular interaction for all 

ligands and amino acid residues in the subdomain IIA. It 
is important to note that the same intermolecular forces 
were also suggested experimentally (see thermodynamic 
parameters discussion). As an example, the hydrogen from 
–NH3+ and –NH group of Lys-194 and Trp-214 residues, 
respectively, can interact with the oxygens from the 
1,4-naphthoquinone moiety of the compound NQA within 
a distance of 3.50 and 3.40 Å, respectively. On the other 
hand, the amino acid residues Lys-197, Val-342, Leu-452, 
Leu-456, and Leu-480 can interact with NQA structure via 
van der Waals forces, within a distance of 2.60, 3.20, 2.90, 
1.30, and 1.90 Å, respectively.

Conclusions

Six amino-naphthoquinone derivatives (NQA-NQF) 
were synthesized with satisfactory yields (40-71%). The 
structure of each synthetic compound was determined 
according to the melting point, elemental analysis, FTIR 
and NMR analysis (1H and 13C). The synthetic compound 
NQA was the most active naphthoquinone against two 
Gram-positive bacteria (S. aureus and B. cereus) with 
MIC values of 31.2 µg mL-1, in both cases. The NQF 
compound was the most active amino-naphthoquinone 
derivative (MIC = 31.2 µg mL-1) against gram-negative 
K. pneumoniae positive β-lactamase (a common intestinal 
bacterium that can cause life-threatening infections). 

Figure 7. (a) Superposition of the best docking pose for all ligands under study inside subdomain IIA (ChemPLP function). Representation of the best 
molecular docking result for the interaction (b) HSA:NQA, (c) HSA:NQC, and (d) HSA:NQF. HSA structure is represented as cartoon in green, selected 
amino acid residues, NQA, NQC, and NQF are represented as sticks in beige, yellow, orange, and purple, respectively. Elements’ colors: hydrogen, oxygen 
and nitrogen are represented in white, red and blue, respectively.
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Overall, NQA, NQC and NQF showed good profile as 
potential antibiotics, being more active than some other 
synthetic naphthoquinones described in the literature 
(for example, 5-amino-8‑hydroxy-1,4-naphthoquinone). 
For the three most active compounds (NQA, NQC and 
NQF), the interaction with HSA showed good binding 
capacity. Both naphthoquinones can interact with the 
Sudlow I site (subdomain IIA) of the protein through a 
ground state association. The interaction is moderate, 
thermodynamically favorable and does not significantly 
disturb the secondary structure of the protein. The 
hydrogen and van der Waals binding forces are the main 
intermolecular interactions between each compound and 
the amino acid residues present in the HSA binding bag.

Supplementary Information

The supplementary information (UV-Vis spectra for 
NQA, NQC and NQF in PBS solution; all spectra for the 
characterization of the synthetic compounds NQA-NQF; 
steady-state fluorescence emission spectra and Stern-
Volmer plots for HSA:NQC/NQF; modified Stern-Volmer 

and van’t Hoff plots for the interaction HSA:NQC/NQF at 
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