
Article J. Braz. Chem. Soc., Vol. 29, No. 9, 1786-1795, 2018
Printed in Brazil - ©2018  Sociedade Brasileira de Química

http://dx.doi.org/10.21577/0103-5053.20180054

*e-mail: echevarr@ufrrj.br

In vitro Analysis of the Interaction between Human Serum Albumin and 
Semi‑Synthetic Clerodanes

Otávio A. Chaves,a Áurea Echevarria,*,a Andressa Esteves-Souza,a Maria A. M. Macielb 
and José C. Netto-Ferreiraa,c

aDepartamento de Química, Universidade Federal Rural do Rio de Janeiro,  
23851-970 Seropédica-RJ, Brazil

bDepartamento de Química, Universidade Federal do Rio Grande do Norte,  
59072-970 Natal-RN, Brazil

cDivisão de Metrologia Química, Instituto Nacional de Metrologia, Qualidade e Tecnologia (INMETRO),  
25250-020 Duque de Caxias-RJ, Brazil

The interaction between HSA and two semi-synthetic potential anti-cancer agents derived 
from trans-dehydrocrotonin-methyl-hydrazone (MHDCTN) and phenyl-hydrazone (PHDCTN) 
was evaluated under physiological conditions at 296, 303 and 310 K by multi-spectroscopic 
techniques and molecular docking calculations. Steady state fluorescence quenching indicated a 
ground state association (static quenching) for both samples; however, the quenching induced by 
PHDCTN was not essentially static and can be accompanied by a dynamic quenching mechanism. 
The binding is strong (modified Stern-Volmer binding constant (Ka) ca. 105 M-1), causing a very 
weak perturbation on the secondary structure of the protein and there is just one main binding site 
for both samples (Sudlow’s site I). Molecular docking results suggested hydrogen bonding and 
hydrophobic interactions as the main binding forces for both samples.
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Introduction

Human serum albumin (HSA) is the most abundant 
protein in human plasma, being synthesized in the 
liver and exported as a single non-glycosylated chain, 
reaching a blood concentration of about 7.0  ×  10-4 M.1 
From the structural point of view, HSA is formed by 
three homologous domains (named I, II, and III). Each 
domain is known to be made up by two separate helical 
subdomains (named A and B) connected by a random coil. 
In addition, HSA structure presents just one tryptophan 
residue (Trp-214), contributing significantly for its 
fluorescence emission, which is used in the albumin-drug 
binding studies.2 The most outstanding property of HSA is 
its ability to reversibly bind a large variety of endogenous 
and exogenous ligands and due to this HSA is extensively 
investigated. When HSA interacts with small molecules 
such as drugs, this interaction can remarkably affect their 
absorption, distribution, metabolism and toxicity. At the 

same time, the functions and structure of the protein may 
also change.3 Therefore, binding to HSA controls the free 
active concentration of the drug and may affect considerably 
the overall pharmacodynamic and pharmacokinetic profile. 
In other words, studies on albumin-drug binding are 
important from both theoretical and practical point of view 
as they allow better understanding of processes underlying 
drug disposition and elimination, as well as the effect of 
several pathological states or co-administered drugs on 
delivery and efficacy.4

Croton cajucara Benth (Euphorbiaceae), popularly 
known as “sacaca”, is a widely grown tree of the Amazon 
region, North of Brazil, used in folk medicine.5 The nor-
clerodane trans-dehydrocrotonin (t-DCTN, Figure 1) is 
the main diterpene present in Croton cajucara. In vitro 
studies have shown that t-DCTN presents potential effects 
as antigenotoxic,6 antileishmanial,7 antiulcerogenic,8 
antitumor,9-11 and hypoglycemic.12 Recent publication 
from our group13 on the interaction between t-DCTN and 
bovine serum albumin (BSA) demonstrated that there 
is a spontaneous, weak and entropy-driven association 
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between BSA and t-DCTN in the ground state, typical of 
hydrophobic interactions. There is just one main binding 
site in serum albumin for t-DCTN causing a moderate 
change in the α-helix content of the albumin.13

Recently, five semi-synthetic clerodanes based on the 
t-DCTN structure were synthesized and assayed against 
Ehrlich carcinoma and K562 human leukemia cells. 
Two of them showed remarkable biological activity: 
methyl-hydrazone (MHDCTN, Figure 1) and phenyl-
hydrazone derivative (PHDCTN, Figure 1), with half 
maximal inhibitory concentration (IC50) 45.78 ± 4.35 and 
16.78 ± 1.42 for Ehrlich carcinoma, respectively, and IC50 
7.85  ± 1.49 and 13.08  ± 1.12 for K562 leukemia cells, 
respectively.14 Since the binding ability HSA:drug is one 
of the steps for a possible pharmacological application 
and considering that MHDCTN and PHDCTN showed 
potential anti-cancer activity, the aim of the present study 
is the continuation of investigation of pharmacological 
aspects through their interaction with HSA. For this, multi-
spectroscopic techniques (circular dichroism, steady state, 
time-resolved and synchronous fluorescence) combined 
with theoretical calculations (molecular docking) were 
employed.

Experimental

Materials

Commercially available HSA, warfarin, ibuprofen, 
digitoxin and PBS (phosphate-buffered saline) buffer 
(pH = 7.4) were obtained from Sigma-Aldrich Chemical 
Company. One tablet of PBS dissolved in 200 mL of 

Millipore water yields concentrations of 0.01, 0.0027 and 
0.137 M for phosphate buffer, potassium chloride and 
sodium chloride, respectively, at pH 7.4 (298 K). Water 
used in all experiments was Millipore water. Acetonitrile 
(spectroscopic grade) was obtained from Tedia Ltd. The 
semi-synthetic clerodanes MHDCTN and PHDCTN were 
synthesized and characterized according to the literature.14

Methods and instruments

Spectroscopic analysis
Steady state fluorescence was measured on a Jasco J-815 

spectropolarimeter in a quartz cell (1.0 cm optical 
path), employing a thermostated cuvette holder Jasco 
PFD‑425S15F. The circular dichroism (CD) spectra 
were measured using a spectropolarimeter Jasco J-815, 
employing the same thermostated cuvette holder as 
described above. All spectra were recorded with appropriate 
background corrections.

For the steady state fluorescence measurements, 
successive aliquots from a stock solution of MHDCTN or 
PHDCTN (1.00 × 10-3 M, in acetonitrile) were added to a 
3.0 mL solution of HSA (1.00 × 10-5 M, in PBS), leading 
to final concentrations of 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 
1.15 and 1.32 × 10-5 M. The addition was done manually 
by using a micro syringe. The steady state fluorescence 
spectra were measured in the 290-450 nm range, at 296, 
303 and 310 K, with λexc = 280 nm.

CD spectra were recorded in the 200-260 nm range, 
at 310 K, for HSA solution (1.00  ×  10-6 M, in PBS) 
without and in the presence of MHDCTN or PHDCTN 
(1.32 × 10-5 M).

Figure 1. Chemical structure of the natural product t-DCTN and its corresponding semi-synthetic derivatives: methyl-hydrazone (MHDCTN) and phenyl-
hydrazone (PHDCTN).
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Time-resolved fluorescence measurements were 
performed on a model FL920 CD fluorimeter from 
Edinburgh Instruments equipped with an electrically 
pumped laser (EPL, λexc = 280 ± 10 nm; pulse of 850 ps 
with energy of 1.8 µW per pulse, monitoring emission at 
340 nm). The fluorescence decay of a 3.0 mL solution of 
HSA (1.00 × 10-5 M, in PBS) was measured without and in 
the presence of 1.32 × 10-5 M of MHDCTN or PHDCTN.

Synchronous fluorescence spectra (SFS) were recorded 
in a model Xe900 fluorimeter from Edinburgh Instruments. 
The SFS of a 3.0 mL HSA solution (1.00 × 10-5 M, in PBS) 
was measured without and in the presence of MHDCTN 
or PHDCTN, employing the same concentrations used in 
the steady state fluorescence studies.

Competitive binding studies were carried out using 
the site markers warfarin, ibuprofen and digitoxin. Each 
site marker was used in the same concentration of HSA 
(1.00  ×  10-5 M) at 310 K. The addition of MHDCTN 
or PHDCTN to the solution HSA:site marker was done 
according to the procedure described above for the steady 
state fluorescence quenching studies.

Molecular docking analysis
MHDCTN and PHDCTN structures were built and 

energy-minimized by density functional theory (DFT) 
calculations (B3LYP potential) with basis set 6-31G*, 
available in the Spartan’14 program.15 The molecular 
docking studies were performed with the GOLD 5.2 
program16 (CCDC, Cambridge Crystallographic Data 
Centre), and the crystallographic structure of HSA used 
in this simulation was 1N5U (PDB code).17

Hydrogen atoms were added to the protein according to 
the data inferred by GOLD 5.2 program16 on the ionization 
and tautomeric states. Docking interaction cavity in the 
protein was established with a 10 Å radius from the Trp‑214 
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.16 More details on the molecular docking 
procedures can be found in previous publications.18,19

Experimental analysis

Steady state fluorescence analysis
For the steady state fluorescence quenching data, the 

inner filter correction was not necessary because at the 
maximum concentration used of MHDCTN and PHDCTN 
(1.32 × 10-5 M) the UV absorption is less than 0.1 a.u. at 280 
and 340 nm (Figure S1 in the Supplementary Information 
(SI) section). However, in order to further clarify this 

sentence, the inner filter correction (equation S1 in the SI 
section) was applied for the calculation of three binding 
constant parameters (Stern-Volmer quenching constant 
(KSV); bimolecular quenching rate constant (kq); modified 
Stern-Volmer binding constant (Ka)) as represented in 
the Figure S2 and Table S1 in the SI section. Since the 
results calculated without and upon inner filter correction 
are the same inside the experimental error (Table S1, SI 
section, and Table 1), in this manuscript the results on the 
interaction HSA:MHDCTN and HSA:PHDCTN were 
obtained without inner filter correction.

The steady state fluorescence quenching of HSA in 
the presence of increasing concentration of MDHCTN 
or PHDCTN was analyzed by the Stern-Volmer equation 
(equation 1):20,21

	 (1)

where F0 and F are the steady state fluorescence intensities 
of HSA in the absence and presence of a ligand, 
respectively; [Q], KSV and kq are the ligand concentration, 
Stern-Volmer quenching constant and bimolecular 
quenching rate constant, respectively; τ0 is the lifetime 
of HSA in the absence of ligand (the measured average 
value for the fluorescence lifetime of pure albumin was 
(5.90 ± 0.15) × 10-9 s).

In the case where there is more than one possible 
binding site in a protein, a double logarithmic equation can 
be applied (equation 2):21 

	 (2)

where Kb is the binding constant and n the number of 
binding sites.

Data from fluorescence quenching experiments were 
used to calculate the modified Stern-Volmer binding 
constant (Ka) for each ligand, according to equation 3:13 

	 (3)

in which f is the fraction of the initial fluorescence intensity 
corresponding to the fluorophore that is accessible to the 
quencher (f ca. 1.00).

The thermodynamic parameters can be calculated 
according to the van’t Hoff equation (equation 4) and Gibbs 
free energy equation (equation 5):22

	 (4)

∆G° = ∆H° – T∆S°	 (5)
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in which ΔH°, ΔS° and ΔG° are the enthalpy change, 
entropy change and Gibbs free energy change, respectively; 
T is the temperature (296, 303 and 310 K) and R the gas 
constant (8.3145 J mol−1 K−1).

Circular dichroism analysis
In CD analysis, the intensity of the signal can be 

expressed as mean residue ellipticity (MRE), defined 
according to equation 6:13

	 (6)

in which θ, n, l and CP are the observed CD (in milli-
degrees), number of amino acid residues (585 for HSA),23 
path length of the cell (1.00 cm) and molar concentration 
of HSA (1.00 × 10-6 M), respectively.

The α-helical contents of HSA without and in the 
presence of a ligand were calculated from the molar residual 
ellipticity (MRE) values at 208 (equation 7) and 222 nm 
(equation 8):18,24

	 (7)

	 (8)

Results and Discussion

HSA binding studies

In pharmacology and pharmacodynamics, protein-
drug interactions play a significant role. At molecular 
level, spectroscopic techniques are valuable methods for 
the characterization of these interactions due to their high 
sensitivity, rapidity and easy implementation.3 Figure 2 
depicts the steady state fluorescence quenching of HSA by 
the maximum addition of the potential anti-cancer agents 
under study (1.32 × 10-5 M). This quenching process and 
the absence of significant changes in the maximum for the 
fluorescence emission (λem ca. 340 nm) indicate that the 
binding process is probably occurring near the Trp-214 
residue present in the HSA structure and that the presence of 
the quencher does not change the microenvironment around 
the tryptophan residue.19 These results were confirmed by 
the synchronous fluorescence quenching studies described 
below.

Steady state fluorescence quenching may involve 
two different mechanisms, i.e., static and/or dynamic 
quenching, which exhibit different behavior as a function of 

temperature. In general, Stern-Volmer analysis can be used 
to obtain information about the main fluorescence quenching 
mechanism (Figure 2, inset). Thus, for both samples 
(MHDCTN or PHDCTN) the kq values listed in Table 1 
are higher than the maximum scatter collision quenching 
constant (2.00 × 1010 M-1 s-1).25 This is a clear indication 
that the main fluorescence quenching occurs via a static 
mechanism, i.e., there is a ground state association between 
HSA and MHDCTN or PHDCTN.26 For MHDCTN, KSV 
values decrease with the increase of temperature, indicating 
that the main fluorescence quenching mechanism is fully 
static. However, for PHDCTN the KSV values increased with 
increasing temperature, which led us to conclude that the 
fluorescence quenching mechanism for this sample is not 
essentially static and can be accompanied by a dynamic 
quenching mechanism.27

Time-resolved fluorescence decay can be used to 
further confirm if the fluorescence quenching mechanism 
of HSA is occurring via a static and/or a dynamic process.28 

Figure 2. Steady state fluorescence emission of HSA and its 
quenching by MHDCTN (a) and PHDCTN (b) at pH = 7.4 and 310 K. 
Inset: Stern-Volmer plot of the interaction HSA:MHDCTN (a) and 
HSA:PHDCTN (b) at 296, 303 and 310 K. [HSA] = 1.00 × 10-5 M and 
[MHDCTN] = [PHDCTN] = 1.32 × 10-5 M.



In vitro Analysis of the Interaction between Human Serum Albumin and Semi-Synthetic Clerodanes J. Braz. Chem. Soc.1790

HSA has two fluorescence lifetimes (τ1 and τ2) with τ2 
presenting the most relative contribution for the total decay 
(τ1 23.0% and τ2 77.0%). Fluorescence lifetimes of HSA 
without (τ1 = 1.86 ± 0.16 and τ2 = 5.90 ± 0.15, χ2 = 1.105, 
Figure 3, where χ2 (chi squared) measures the goodness 
of fit of experimental data to a bi-exponential decay for 
HSA fluorescence) and in the presence of MHDCTN 
(τ1 = 1.82 ± 0.12 and τ2 = 5.96 ± 0.13, χ2 = 1.275, Figure 3) 
did not show any variation inside the experimental error, 
indicating that the fluorescence quenching mechanism is 
static.29 On the other hand, in the presence of PHDCTN 
(τ1 = 1.42 ± 0.11 and τ2 = 5.42 ± 0.10, χ2 = 1.316, Figure 3) 
the time-resolved fluorescence decay changed significantly 
confirming that, in this case, in addition to the static 

mechanism there is the presence of a dynamic fluorescence 
quenching mechanism.

HSA has different possible binding sites for different 
drugs.30 In order to evaluate the number of binding sites 
(n) in HSA, steady state fluorescence quenching data for 
MHDCTN and PHDCTN were plotted following a double 
logarithmic equation (equation 2) at 296, 303 and 310 K 
(Figure S3, SI section). Since n values were approximately 
1.00 for all temperatures (Table 1), this is a clear indication 
that a single binding site is available for MHDCTN and 
PHDCTN on the HSA structure.20 Knowing the n value, 
the binding constant (Ka) for the association between HSA 
and the two semi-synthetic compounds can be calculated 
employing a modified Stern-Volmer analysis (equation 3)31 
(Figure S4, SI section). For both quenchers, the Ka value is 
in the order of 105 M-1, indicating a strong binding between 
them and HSA.29-32 It is worth to note that results from the 
literature indicate that t-DCTN shows a much weaker binding 
ability for serum albumin than MHDCTN and PHDCTN.13

Since the evaluation of the binding parameters between 
serum albumin and potential drugs is important to understand 
its distribution in the human plasma to body tissues and 
organs, the obtained binding ability between HSA:MHDCTN 
and HSA:PHDCTN suggests a decrease in the concentration 
of free molecules in the human plasma. However, the high 
binding affinity also indicated that the absorption of the 
potential drugs are feasible, but its distribution to the required 
tissues will be limited due to the stability of the complex, 
which in turn adversely affects the pharmacokinetics of the 
drugs.33,34 Comparing these results with those obtained for 
the natural product t-DCTN, the samples MHDCTN and 
PHDCTN showed better binding ability for HSA, indicating 
that these dehydrocrotonin derivatives can increase the 
delivery effectiveness to the site of action.

Thermodynamic analysis

Several forces such as electrostatic, hydrogen bond, van 
der Walls, hydrophobic and steric contacts are responsible 

Table 1. Binding constant values (KSV, kq, n and Ka) for the interaction HSA:MHDCTN and HSA:PHDCTN at 296, 303 and 310 K

Ligand T / K KSV (× 103) / M-1 kq (× 1011) / (M-1 s-1) n Ka (× 105) / M-1

MHDCTN

296 4.33 ± 0.26 7.34 1.26 ± 0.11 3.26 ± 0.26

303 4.08 ± 0.10 6.92 1.10 ± 0.06 2.83 ± 0.26

310 3.84 ± 0.15 6.50 1.03 ± 0.13 2.32 ± 0.26

PHDCTN

296 8.61 ± 0.58 14.6 0.98 ± 0.11 1.09 ± 0.26

303 9.09 ± 0.74 15.4 1.01 ± 0.12 1.45 ± 0.26

310 9.34 ± 0.66 15.8 1.08 ± 0.12 2.33 ± 0.26

HSA: human serum albumin; MHDCTN: methyl-hydrazone trans-dehydrocrotonin; PHDCTN: phenyl-hydrazone trans-dehydrocrotonin; T: temperature; 
Ksv: Stern-Volmer quenching constant; kq: bimolecular quenching rate constant; n: number of binding site; Ka: modified Stern-Volmer binding constant. 
Note: r2 (coefficient of determination, dimensionless) for KSV and kq: 0.9749-0.9955; r2 for n: 0.9816-0.9969; r2 for Ka: 0.9993-0.9999.

Figure 3. Time-resolved fluorescence decay and its residuals 
for HSA without and in the presence of MHDCTN or PHDCTN 
at pH  =  7.4 and room temperature. [HSA]  =  1.00  ×  10-5 M and 
[MHDCTN] = [PHDCTN] = 1.32 × 10-5 M.
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for the interaction between albumin and drugs. The force 
acting between HSA and semi-synthetic clerodanes was 
calculated using the van’t Hoff plot35 (Figure 4) and the 
values thus obtained are given in Table 2.

From the negative values of ΔG° (Table 2) one can 
conclude that the binding is spontaneous for both samples. 
For MHDCTN, the main contribution for negative ΔG° 
arises from ΔH° and ΔS°, indicating that the binding is 
enthalpy and entropy driven. Since ΔH° < 0 and ΔS° > 0, 

the involvement of hydrogen bonding and hydrophobic 
interactions can account for the main binding forces.36 On 
the other hand, for PHDCTN the main contribution for 
negative ΔG° arises from ΔS°, indicating an entropy driven 
process,37 and ΔH° > 0 and ΔS° > 0 suggest an hydrophobic 
interaction as the main binding force.38 From the literature, 
the main binding force for the association BSA:t-DCTN is 
also a hydrophobic interaction;13 therefore, the presence of 
the methyl-hydrazone moiety can change significantly the 
thermodynamic profile.

Synchronous fluorescence analysis

Synchronous fluorescence spectra (SFS) analysis has 
been used to check changes in the microenvironment of the 
intrinsic fluorescent probes, i.e., the aromatic amino acid 
residues in HSA.39 SFS for pure HSA can offer information 
about the characteristics of the microenvironment around 
both the amino acid residue Trp at Δλ (λem – λex) = 60 nm 
and the Tyr residue at Δλ  =  15 nm.35 Upon successive 
additions of MHDCTN or PHDCTN to an HSA solution 
in PBS, the SFS spectral intensity of the latter decreased 
and did not show any significant change (blue or red shift) 
at Δλ = 15 and 60 nm (Figure 5). This provides a clear 
indication that the microenvironment around the aromatic 
amino acids residues Trp and Tyr does not change with the 
presence of the potential anti-cancer agents under study.31

Perturbation on the secondary structure of the protein

In order to identify possible structural changes in the 
HSA structure upon MHDCTN or PHDCTN binding, 
circular dichroism (CD) experiments were carried out. 
The CD spectrum of HSA at physiological pH exhibits two 
negative bands in the ultraviolet region at 208 nm (π → π* 
transition) and at 222 nm (n → π* transition), which are 
characteristics of the α-helical content.40 As can be seen 
in Figure 6, the decrease in the absorption intensity at 
208 and 222 nm upon MHDCTN or PHDCTN addition 

Table 2. Thermodynamic parameters (ΔH°, ΔS° and ΔG°) for the interaction HSA:MHDCTN and HSA:PHDCTN at 296, 303 and 310 K

Ligand T / K ΔH° / (kJ mol-1) ΔS° / (kJ mol-1 K-1) ΔG° / (kJ mol-1) r2

MHDCTN

296

–18.5 ± 1.9 0.0432 ± 0.006

–31.3

0.9800303 –31.6

310 –31.9

PHDCTN

296

41.4 ± 6.5 0.236 ± 0.021

–28.5

0.9520303 –30.1

310 –31.8

HSA: human serum albumin; MHDCTN: methyl-hydrazone trans-dehydrocrotonin; PHDCTN: phenyl-hydrazone trans-dehydrocrotonin; T: temperature; 
ΔH°: enthalpy change; ΔS°: entropy change; ΔG°: Gibbs free energy change; r2: coefficient of determination (dimensionless).

Figure 4. Van’t Hoff plot for HSA: MHDCTN (a) and HSA:PHDCTN (b) 
at 296, 303 and 310 K.
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indicates the destabilization of the helical structure of 
HSA, suggesting the occurrence of possible changes in the 
secondary structure of the protein.31,32

Table 3 shows the quantitative percentage of α-helical 
content for HSA in the absence and in the presence of 

MHDCTN or PHDCTN at 208 and 222 nm. For pure HSA, 
the values obtained for the α-helical content (in percentage) 
of its secondary structure were 57.2% at 208  nm and 
55.1% at 222 nm. In the presence of MHDCTN a decrease 
of 1.80% (at 208 nm) and of 2.50% (at 220 nm) on the 

Figure 5. SFS of HSA without and in the presence of MHDCTN (a, c) or PHDCTN (b, d) at pH = 7.4 and room temperature. [HSA] = 1.00 × 10-5 M and 
[MHDCTN] = [PHDCTN] = 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10-5 M.

Figure 6. CD spectra for HSA without and in the presence of MHDCTN (a) and PHDCTN (b) at pH = 7.4 and 310 K. [HSA] = 1.00 × 10-5 M and 
[MHDCTN] = [PHDCTN] = 1.32 × 10-5 M.
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α-helical content of the protein was observed. Similar 
values were obtained for PHDCTN, i.e., 1.80% at 208 nm 
and 2.0% at 220 nm. These results indicate that both ligands 
can cause a very weak perturbation on the secondary 
structure of HSA.41

Competitive binding studies

HSA has three well-known ligand binding sites, 
i.e., I, II and III. Site I is located in the subdomain IIA, 
and is also known as Sudlow’s site I (warfarin binding 
site), while site II is located in the subdomain IIIA, also 
known as Sudlow’s site II (ibuprofen binding site) and 
site III is located in the subdomain IB (digitoxin binding 
site).24,42 In order to identify the main binding site for the 
two potential anti-cancer agents in the HSA structure, 
competitive binding experiments were carried out in the 
presence of the site markers warfarin, ibuprofen and 
digitoxin at 310  K. Figure  S5 in the SI section depicts 
the modified Stern‑Volmer plots for HSA:MHDCTN and 
HSA:PHDCTN in the presence of each site marker. As 
can be seen in Table 4, the Ka value changed significantly 
in the presence of warfarin, i.e., 63.8% for MHDCTN and 
85.0% for PHDCTN. However, no significant change on 
the Ka value was observed for either ibuprofen or digitoxin. 
This is a clear indication that the main ligand binding site 
for both samples is the Sudlow’s site I in subdomain IIA, 
where the Trp-214 residue can be found.18,31

Molecular docking studies

Commonly, molecular docking analysis is applied 
for prediction of protein-drug interactions, as well as on 
the orientation and conformation of a drug within a bio-
macromolecule receptor. This useful method allows the 
identification of protein-inhibitor interactions as well as the 
structural features of the active site of the protein.43,44 From 
the steady state fluorescence quenching studies, it is known 
that MHDCTN and PHDCTN can bind near the Trp-214 
amino acid residue, located in subdomain IIA (Sudlow’s 
site I).19,27 In order to offer a molecular level explanation 
on the binding ability to HSA of these two potential anti-
cancer agents, molecular docking studies were carried out.

Molecular docking results suggest hydrogen bonding 
and hydrophobic interactions as the main binding forces 
for the association HSA:MHDCTN and HSA:PHDCTN. 
Although both ligands show considerably high kinetic 
volume, they can be accommodated inside the protein 
cavity of HSA and close to its intrinsic fluorophore, i.e., 
the tryptophan residue (Figure 7a).

Figure 7b depicts the best docking pose for 
HSA:MHDCTN. The oxygen atom of the carbonyl group 
in the ligand structure is an acceptor for hydrogen bonding 
with Lys-194 residue, within a distance of 2.10 Å, while 
the furan group of the ligand is hydrogen bonded to Lys-
198, within a distance of 3.10 Å. The amino acids residues 
Leu-197, Trp-214 and Val-342 can interact via hydrophobic 
forces with the ligand structure.

The best docking pose for HSA:PHDCTN shows 
that the oxygen atom of the carbonyl group in the ligand 
structure is an acceptor for hydrogen bonding with the 
guanidinium group of Arg-221, within a distance of 3.10 Å, 
while the furan group of the ligand is hydrogen bonding 
with the intrinsic HSA fluorophore Trp-214 residue, within 
a distance of 3.70 Å (Figure 7c). The amino acids residues 
Leu-197, Val-342 and Leu-480 can interact via hydrophobic 
forces with the ligand structure.

Table 3. The α-helical content for HSA without and in the presence of 
MHDCTN or PHDCTN at pH = 7.4 and 310 K

Ligand
α-Helical / %

208 nm 222 nm

HSA 57.2 55.1

HSA:MHDCTN 55.4 52.6

HSA:PHDCTN 55.8 53.1

HSA: human serum albumin; MHDCTN: methyl-hydrazone trans-
dehydrocrotonin; PHDCTN: phenyl-hydrazone trans-dehydrocrotonin.

Table 4. Modified Stern-Volmer binding constant value (Ka) for the interaction HSA:MHDCTN and HSA:PHDCTN in the presence of several site markers, 
at 310 K

Ligand Site marker Ka (× 105) / M-1 Change / % r2

MHDCTN

warfarin 0.84 ± 0.02 63.8 0.9999

ibuprofen 2.23 ± 0.26 3.88 0.9996

digitoxin 1.93 ± 0.26 16.8 0.9996

PHDCTN

warfarin 0.35 ± 0.02 85.0 0.9993

ibuprofen 2.00 ± 0.26 14.2 0.9995

digitoxin 1.85 ± 0.26 20.6 0.9997

HSA: human serum albumin; MHDCTN: methyl-hydrazone trans-dehydrocrotonin; PHDCTN: phenyl-hydrazone trans-dehydrocrotonin; Ka: modified 
Stern-Volmer binding constant; r2: coefficient of determination (dimensionless).
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Conclusions

From steady state fluorescence quenching data, 
kq ca. 1011-1012 M-1 s-1 indicates that a static mechanism is 
the main fluorescence quenching mechanism, i.e., there is a 
ground state association between HSA and the two potential 
anti-cancer agents MHDCTN and PHDCTN. KSV values 
and time-resolved fluorescence decay confirmed the static 
mechanism for MHDCTN and show that the fluorescence 
quenching mechanism for PHDCTN is not essentially 
static and can be accompanied by a dynamic quenching. 
Fluorescence studies also revealed that there is just one 
main binding site in the protein structure for interaction 
with the ligand, which was identified as Sudlow’s site I 
(subdomain  IIA) by competitive binding experiments. 
Ka ca. 105 M-1 indicates a strong binding between HSA 
and MHDCTN or PHDCTN, with the thermodynamic 
parameters being in total agreement with the spontaneity 
of the binding. This binding does not perturb the 
microenvironment around Trp and Tyr residues, however, 
it can cause a weak perturbation on the secondary structure 
of the protein. Molecular docking results suggest hydrogen 
bonding and hydrophobic interactions as the main binding 
forces. MHDCTN can interact with the amino acid residues 
Leu-194, Leu-197, Leu-198, Trp-214 and Val-342, while 
PHDCTN can interact with Leu-197, Trp-214, Arg-221, 
Val-342 and Leu-480 residues. Comparing these results 
with those obtained to the natural product t-DCTN, the 
samples MHDCTN and PHDCTN showed better binding 

ability for HSA, indicating that the proposed derivative 
of the dehydrocrotonin moiety can help the delivery 
effectiveness to the site of action.

Supplementary Information

Supplementary data (UV-Vis spectra, inner filter 
correction, Stern-Volmer, double logarithmic and modified 
Stern-Volmer plots) are available free of charge at http://
jbcs.sbq.org.br as PDF file.
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