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The green Brazilian bay leaf, a spice much prized in local cuisine (Aniba riparia, Lauraceae), contains chemical
compounds presenting benzoyl-derivatives named riparins, which have anti-inflammatory, antimicrobial and
anxiolytic properties. However, it is unclear what kind of interaction riparins performwith anymolecular target.
As a profitable target, human serum albumin (HSA) is one of the principal extracellular proteins, with an excep-
tional capacity to interactwith several molecules, and it also plays a crucial role in the transport, distribution, and
metabolism of a wide variety of endogenous and exogenous ligands. To outline the HSA–riparin interaction
mechanism, spectroscopy and computational methods were synergistically applied. An evaluation through fluo-
rescence spectroscopy showed that the emission, attributed to Trp 214, at 346 nm decreased with titrations of
riparins. A static quenchingmechanismwas observed in the binding of riparins toHSA. Fluorescence experiments
performed at 298, 308 and 318 K made it possible to conduct thermodynamic analysis indicating a spontaneous
reaction in the complex formation (ΔG b 0). The enthalpy-entropy balance experiment with a molecular model-
ing calculation revealed that hydrophobic, hydrogen bond and non-specific interactions are present for riparin I–
III with HSA. The set of results from fractional fluorescence changes obtained through Schatchard was inconclu-
sive in establishing what kind of cooperativity is present in the interaction. To shed light upon the HSA-riparins
complex, Hill's approach was utilized to distinguish the index of affinity and the binding constant. A correspon-
dence between themolecular structures of riparins, due to the presence of the hydroxyl group in the B-ring, with
thermodynamic parameters and index of affinitywere observed. Riparin III performs an intramolecular hydrogen
bond, which affects the Hill coefficient and the binding constant. Therefore, the presence of hydroxyl groups is
capable ofmodulating the interaction between riparins and HSA. Site marker competitive experiments indicated
Site I as being the most suitable, and the molecular modeling tools reinforced the experimental results detailing
the participation of residues.

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

The Lauraceae family is considered to be one of themost fundamen-
tal families belonging to the Magnoliophyta division, having become
widely distributed throughout tropical and subtropical regions, being
composed at approximately 52 genera and 3000 species [1]. Lauraceae
are utilized in papermaking, carpentry, construction, perfumery (essen-
tial oil), chemicals and folk medicine [2]. Different species of this family
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are also known worldwide mainly for their use in cooking, such as bay
leaf (Laurus nobilis) avocado (Persea americana) and cinnamon
(Cinnamomum zeylanicu) [3].

Aniba riparia (Ness)Mez, popularly known in Brazil as louro, is a typ-
ical plant of the Amazon region [4], commonly used as a spice. Its fruits
contain many different chemical components, such as flavonoids,
neolignans, stirilpironas and alkamides [5]. Methyl ether of N-benzoyl-
tyramine (riparin I, insert in Fig. 1a), methyl ether of N-2-hydroxy-ben-
zoyl-tyramine (riparin II, insert in Fig. 1b) andmethyl ether of N-2,6-di-
hydroxy-benzoyl-tyramine (riparin III, insert in Fig. 1c) have been
isolated from the green fruit of this plant [6]. These molecules have im-
portant anti-inflammatory, antimicrobial and anxiolytic pharmacologi-
cal effects, and great therapeutic potential [6,7].
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Fig. 1. Fluorescence emission spectra of HSA (4 μM) at different concentrations (0 to 8 μM)
of (a) riparin I (b) riparin II and (c) riparin III at 298 K. Inserts shows the correspondent
molecular structure.
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Riparin I, for example, demonstrated antinociceptive activity [8] and
antianxiety effects in animal models [9]. Studies with riparin II revealed
that it may inhibit directly or indirectly the activity, production or re-
lease of pro-inflammatory mediators involved in the generation of
pain associated with inflammation [7], and produces significant antide-
pressant activity [10]. Riparin III, administered intraperitoneally or oral-
ly, also showed anxiolytic and antidepressant activity in rodents [10–
12]. Moreover, natural riparins showed antimicrobial activity in multi-
drug-resistant strains of Staphylococcus aureus [13]. However, the inter-
actions of these benzoyl derivativeswith specificmolecular targets have
not been fully understood.

As a profitable target, human serum albumin (HSA) is one of the
most important and abundant proteins in the circulatory system. It is
a 585-residue monomer and consists of three homologous domains
(denoted I, II and III), each of which has two sub-domains, A and B,
possessing common structural motifs [14]. HSA has an exceptional ca-
pacity to interact with many molecules, playing a crucial role in the
transport, distribution, andmetabolism of a wide variety of endogenous
and exogenous ligands [15]. Site I and site II, located respectively in
subdomains IIA and IIIA are twomajor ligand binding sites for small or-
ganic molecules. Recently, subdomain IB (site III) has been identified as
the primary or secondary binding site for some compounds [16]. Struc-
tural features of compounds, specifically the number and configuration
of hydroxyl radical on polyphenols, influence binding characteristics
with this transport protein. The\\OH moiety is also associated with
the reactivity of aromaticmolecules and is important for their biological
activities [17–19].

In that sense, an investigation of the interaction between riparin I, II
and III and HSA contributes to an understanding of the riparin-protein
affinity, disposition, transportation andmetabolismof these benzoyl-ty-
ramines at molecular level. In the present study, fluorescence
quenching was employed to probe the affinity of riparins to HSA
under simulative physiological conditions. Particularly, the influence
of the hydroxylation pattern, present in riparin II and III, on binding
characteristics with HSA was analyzed, as was the specific binding site
for each riparin on HSA. As part of the strategy to tackle the problem
computational methods were applied with experimental parameters
as references to perform the docking.

2. Materials and Methods

2.1. Chemicals

Riparins were isolated by one of our collaborators in pure form for
the study. Human serum albumin, warfarin, ibuprofen, methyl orange,
dibasic sodium phosphate, methanol and sodium chloride (NaCl) were
purchased from Sigma Aldrich Chemical Company (USA). All other
chemicals were analytical grade and Milli-Q ultrapure water was used
throughout the experiment. HSA was dissolved in a phosphate buffer
solution of 50 mM containing NaCl (150 mM, pH 7.0). The protein con-
centration was determined spectrophotometrically using the molar ex-
tinction coefficient of 36,500 M−1 cm−1 at 280 nm. Riparin I, riparin II
and riparin III stock solutions were prepared in methanol with 23.8,
5.42 and 1.23 mM, respectively.
2.2. Fluorescence Spectroscopy

Fluorescence measurements were performed on a Varian Cary
Eclipse fluorescence spectrophotometer equipped with 1.0 cm quartz
cells and Carry Eclipse thermostat bath. Both excitation and emission
slits were set at 5.0 nm. The fluorescence spectra were recorded in the
range of 300–505 nm and the excitation wavelength of 295 nm was
chosen, since it provides excitation of the single tryptophan residue
(Trp 214) and avoids absorption of tyrosine residues. All fluorescence
intensities were corrected for the buffer and inner filter effects (Eq.
(1)) [20–22].

Fcorr ¼ Fobs x e AexþAemð Þ=2 ð1Þ

Fcorr and Fobs are the fluorescence intensity corrected and observed
and Aex and Aem are the absorbance of the system at the excitation
and emission wavelengths, respectively.

In fluorescence quenching experiments, titration was performed by
adding appropriate quantities of riparin I–III stock solution to the HSA
solution (2.0 mL) at constant concentrations of 2.0, 4.0 and 8.0 μM. In
experiments to determine the Stern-Volmer constant and Binding
Data Analysis the HSA concentration remained constant at 4.0 μM, and
the riparin concentrations varied from 0 to 8 μM with increments of
1.0 μM at 298, 308 and 318 K. For the binding density function (BDF)
method, titration was performed at HSA concentrations of 2.0 and 8.0
μM and the range of riparin concentrations were 0–12 μM, with incre-
ments of 1.0 μM, at 298 K. The effect of methanol as a co-solvent was
verified by adding aliquots to the HSA solution (2.0, 4.0 and 8.0 μM, at
298 K) within the volume variation of previous titrations. The final vol-
ume of methanol in the buffer was b1%, in all experiments.
2.3. Site Marker Competitive Experiments

Competitive experiments were carried out by the use of warfarin,
ibuprofen and methyl orange which bind to site I, site II, and site III, re-
spectively [16,23]. The ratio of site marker to HSA solution was 1:1 (4.0
μM each). After 1 h incubation of the mixtures, amounts of riparin I, II
and III solution, varying from 0 to 10 μM with increments of 1.0 μM,
were added to each of HSA-marker solutions as previously. The fluores-
cence spectra were recorded at 298 K under the same experimental
conditions described above.
2.4. Ab Initio Calculation

The Gaussian 09 program [24] provided by Núcleo de Computação
Científica da Universidade Estadual Paulista (NCC/GridUNESP) was ap-
plied to the calculation of riparin structures. The optimized geometry
was calculated in the gas phase with riparin molecules isolated by
using DFT/B3LYP/6-31G(d,p)method. The next step, the vibrational fre-
quency calculation, was performed to check the optimized riparin mol-
ecules. The molecular electrostatic potential (MEP) map was calculated
to investigate the distribution of charge density on the molecular sur-
face of riparin I, II and III.



Fig. 2. Stern–Volmer plots for the fluorescence quenching of HSA (4 μM) in the presence of
(a) riparin I (b) riparin II and (c) riparin III at 298, 308 and 318 K.

Fig. 3. Double-log plots for the fluorescence quenching of HSA (4 μM) in the presence of
(a) riparin I (b) riparin II and (c) riparin III at 298, 308 and 318 K. The inserts show the
Van't Hoff plot.
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2.5. Molecular Modeling Calculation

The crystal structure of HSA (PDB ID: 1AO6) [25] was obtained from
the Protein Data Bank. The three-dimensional structure of riparinmole-
cules was obtained from Gaussian 09 program [24]. AutoDockTools
(ADT) [26] was used to prepare the HSA and riparins by merging non-
polar hydrogen atoms, adding partial charges and atom types. The li-
gand rigid root was generated automatically, defining all possible rotat-
able bonds and torsions them as active for riparins, except for riparin III,
whose C3-C21 bondwas set as non-rotatable, keeping the intramolecu-
lar hydrogen bond between the hydrogen atomH22 from hydroxyl and
the oxygen O3 from carbonyl group. Grid maps were generated with
0.375 Å spacing and dimensions of 60 × 60 × 60 points by the AutoGrid
4.2 program [27], centered on site 1 of the HSA structure. The AutoDock
4.2 program [27] was employed to study the binding site between
riparins and HSA by applying the Lamarckian Genetic Algorithm (LGA)
for minimization using a number of energy evaluations of 2.5 million,
a population size of 150 and root-square-mean deviation (RMSD) toler-
ance for cluster analysis of 2.0Å. Randomstartingpositions on the entire
protein surface and random orientations were used for the ligands. For
each docking simulation, 100 different conformers were generated. The
structural representation was prepared using PyMOL [28], and the map
of interaction was calculated using LigPlot [29].

3. Results and Discussion

3.1. Fluorescence Quenching of HSA Upon Addition of Riparins

Intrinsic fluorescence spectra of HSA at different concentrations of
riparin I, II and III are shown in Fig. 1a, b, and c, respectively. It can be
seen that, upon excitation at 295 nm,HSA exhibits amaximumemission
peak at 346 nm, solely contributed by tryptophan (Trp 214) residue in
HSA. TheHSA emission decreasedwith the increment of riparin concen-
tration, indicating that the interaction of benzoyl-tyramines quenched
the intrinsic fluorescence of HSA. Further, upon the addition of riparin
II and III, two isosbestic point formations were noted at 364 and
369 nm, respectively. This phenomenon indicates the existence of ben-
zoyl-tyramine derivatives bound to HSA at equilibrium [30]. Also,
riparins II and III showed a clear second peak, which increases with ti-
tration, and corresponds to the riparin signals at 413 and 422 nm, re-
spectively [31]; these contributions were subtracted from the HSA
fluorescence signal.

3.2. Fluorescence Quenching Mechanisms

Fluorescence quenching mechanisms are classified as being either
dynamic or static. The former is due to collision between the quencher
and fluorophore and the latter, to the formation of a non-fluorescent
ground state complex. These two mechanisms may be discriminated
in response to temperature. The bound complexes, for static quenching,
become more unstable as temperature increases and quenching con-
stants decrease; the opposite behavior is observed for dynamic
quenching. The quenching mechanism is currently analyzed by the
Stern-Volmer model [21]:

F0
F

¼ 1þ Kqτ0 Q½ � ¼ 1þ KSV Q½ � ð2Þ

F0 and F represent the fluorescence intensity before and after
quencher addition, respectively; Kq is the biomolecular quenching con-
stant; τ0 is the average fluorescence lifetime of the molecule without a
quencher; generally 10−8 s [21]; [Q] is the quencher concentration,
andKsv is the Stern-Volmer constant,which can bedetermined by linear
regression of a plot of F0/F against [Q]. Stern–Volmer plots for the fluo-
rescence quenching of HSA (4 μM) in the presence of riparin I–III at
298, 308 and 318 K are shown in Fig. 2. According to the linear
adjustment for the experimental data the slope of the curves indicates
a decrement as temperature rises. Such a response to temperature cor-
responds to a static quenching mechanism.

3.3. Binding Constants

The binding constants (Ka) and the number of binding sites (n) per
protein can be obtained by Double-logarithm plot [32]:

log
F0−F

F

� �
¼ nlogKa−nlog

1

Q½ �− F0−Fð Þ
F0

P½ �
� �

0
BB@

1
CCA ð3Þ

where [P] is the protein concentration. Double plots are shown in Fig. 3
and the values of Kb and n are listed in Table 1. The constants represent
phenomenological parameters, with n indicating the quantity of bind-
ing sites and Ka their binding affinity [33]. The values of n are approxi-
mately 1.0 and Ka the order of 104 M−1, which is a mild constant. The
Kb magnitude contains important features about the complex forma-
tion. It responds to temperature variation, assisting in the search for
the forces that stabilize the complex [30]. Table 1 summarizes the KSV,
Kq and Ka constants.



Table 1
Values of the Stern-Volmer constant (KSV) for tryptophan fluorescence quenching of HSA,
biomolecular quenching constant (Kq) binding constants (Ka) and binding site numbers
(n) of the interaction between HSA and riparin I, II or III at 298, 308 and 318 K.

Quencher T(K) KSV (×104 M−1) Kq (×1012 M−1 s−1) Ka (×104 M−1) n

Riparin I 298 3,56 3,56 1,95 0,62
308 3,45 3,45 1,78 0,62
318 3,14 3,14 1,63 0,66

Riparin II 298 2,41 2,41 1,75 0,78
308 2,31 2,31 1,64 0,75
318 1,76 1,76 1,24 0,88

Riparin III 298 3,41 3,41 4,28 1,04
308 2,32 2,32 2,15 0,91
318 1,63 1,63 0,77 0,72

The correlation coefficient is ≥0,98.
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3.4. Thermodynamic Parameters and Driven Forces

In general, the driven forces between a small molecule and a protein
include Van der Waals force, hydrogen bonding, electrostatic and hy-
drophobic interactions. The signs andmagnitude of the thermodynamic
parameters, enthalpy (ΔH), entropy (ΔS) changes and free energy (ΔG),
of the binding reactionmay indicate the types of binding alongwith the
interaction [34]. According to the Van't Hoff analysis, if the enthalpy
does not change significantlywith the range of temperature experimen-
tally applied, then the entropy value can be reached:

lnKa ¼ −
ΔH
RT

þ ΔS
R

ð4Þ

Ka is the binding constant at the corresponding temperature and R is
the gas constant. TheGibbs free energy is estimated according to the fol-
lowing relationship:

ΔG ¼ ΔH−TΔS ð5Þ

The Van't Hoff plots for the binding of HSA to riparin I–III are shown
as inserts in Fig. 3, which correspond to the thermodynamic parameters
that are summarized in Table 2. The negative Gibbs free energy values
calculated for all riparins mean that the interaction is a spontaneous
process. The negative value for ΔH and positive for ΔS are determined
for the riparin I and riparin II-HSA complexes, suggesting that the driv-
ing forces between these riparins with HSA are composed by non-spe-
cific interactions; while both negative values of ΔH and ΔS for the
riparin III-HSA indicate that the van der Waals interactions and hydro-
gen bonds have an important contribution during the interaction pro-
cess of riparin III with HSA [35].

3.5. Site-selective Identification of Riparins on HSA

HSA interacts reversibly with drugswhich bind to one ormore high-
affinity sites with typical association constants in the range of
104−106 M−1. Pioneering studies by Sudlow and contributors [36]
Table 2
Thermodynamic parameters of HSA-ligand complex at 298, 308 and 318 K.

Quencher T(K) ΔH (kJ mol−1) ΔS (J mol−1) ΔG (kJ mol−1)

Riparin I 298 −7.14 58,15 −24,47
308 −25,05
318 −25,63

Riparin II 298 −14,91 31,16 −24,19
308 −24,51
318 −24,82

Riparin III 298 −66,97 −135,60 −26,56
308 −25,20
318 −23,85

The correlation coefficient is ≥0,99.
applying the fluorescent probe displacement method showed that
most drugs bind with high affinity to two specific drug binding sites,
namely, site I (subdomains IIA, also called the warfarin binding site)
and site II (subdomains IIIA, the ibuprofen binding site) [37]. However,
some drug binding sites differ from sites I and II, identified as
subdomains that are neither IIA nor IIIA [38,39]; methyl orange binds
in site III (subdomain IB) [30]. The binding locations are commonly
identified applying standard ligands, such as warfarin, ibuprofen and
methyl orange, which probe sites I, II and III, respectively.

Thus, the competition of riparins with warfarin, ibuprofen and
methyl orange was investigated. The fluorescence quenching rate (F/
Fo) in the presence and absence of markers was compared and is pre-
sented in Fig. 4. The difference in the quenching rate in the presence
of thewarfarin, when comparedwith the quenching ratewith nomark-
er, is remarkable. This is a strong indication that the riparins compete for
the same site of warfarin and bind to HSA chiefly in site I.

3.6. Binding Density Function Method

In order to ensure a more realistic approach regarding the complex
formation and stability a second experimental method was applied.
Equilibrium binding isotherms, for a ligand binding to a macromolecule
(protein), represent the relationship between total average binding
density Συi and the free ligand concentration [L]free [40].

The fractional fluorescence change (ΔFobs) is the fluorescence signal
normalized to the initial fluorescence of the free macromolecule:

ΔFobs ¼
Fobs−Ffree M½ �T

Ffree M½ �T
ð6Þ

Fobs is the observed spectroscopic signal, Ffree [M]T the observed
spectroscopic signal for a free macromolecule in the absence of a ligand
and the total concentration ofmacromolecules. The values ofΔFobswere
plotted as a function of the logarithm of the total ligand concentration
[L]T (see Fig. 5). At two different total concentrations of macromolecule
([M]T1 and [M]T2) the observed value of ΔFobs is equal, so that Συi and
[L]free must be the same for both titration curves.

In order to find the same value of ΔFobs an interpolation procedure
was performed using a sigmoid adjustment for both macromolecule
concentrations. According to the mass conservation equation, (Eq.
(7)), for the total concentration protein, [L]free and Συi can be deter-
mined by the linear regression of a plot of [L]T against [M]T (see insert
in Fig. 5) [41].

L½ �T ¼ L½ �free þ Συi M½ �T ð7Þ
Fig. 4. Fluorescence quenching rate of HSA at different concentrations (0–10 μM) of (a)
riparin I, (b) riparin II and (c) riparin III in the absence and presence of site markers
(warfarin, methyl orange or ibuprofen). [HSA] = [marker] = 4 μM, pH 7 and 298 K.



Fig. 5. Semilogarithmic plots of fluorescence titration of (a) riparin I (b) riparin II and (c)
riparin III with HSA at two different protein concentrations at 298 K. The vertical lines
indicates the total ligand concentrations [L]T1 and [L]T2 at the same selected value of the
observed fluorescence change, marked by the horizontal line, ΔFobs, at which the total
average of ligand binding is the same for both titration curves. Inserts corresponds to
only three sets of concentration pairs (LT; MT) to exemplify the utilization of Eq. (6)
obtaining Συi and [L]free values.
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Once Συi [L]free and [L]free were obtained the Scatchard plot (Συi/
[L]free versus Συi) was constructed and is presented in Fig. 6.

The Schatchard plots show a concave shape with a ‘tail’ near the sat-
uration for riparin I and II, Fig. 6a and Fig. 6b, respectively. The concavity
shape in these cases indicates that the process of ligand binding may
have a mix of negative and positive cooperativity. For riparin III, Fig. 6c
shows that the elongation on the concavity is shorter which may be
considered a negative cooperativity. The response profiles of the
Schatchard plots are inconclusive so it is necessary to resort to Hill's
Fig. 6. Scatchard plots of (a) riparin I, (b)
formalism to elucidate the interaction mechanism. Hill relationship
was used according to Eq. (8) [42–44].

X
vi ¼

nH K L½ �free
� �nH

1þ K L½ �free
� �nH

ð8Þ

The results obtained according to Eq. (8) are summarized in the
Table 3. The Hill coefficient (nH) may be interpreted as the index of af-
finity between the ligand and the macromolecule, and K the binding
constant. The values of nH obtained to Riparin I, free of OH group at B-
ring, is close to Riparin II, which has the first OH group positioned at
C2 carbon atom, both presented a mild association constant. From the
thermodynamic evaluation Riparins I and II while interacting with
HSA performed a spontaneous reaction (ΔG b 0), presented an
enthalpic-entropic balance revealing resemblance between hydropho-
bic and non-specific interactions. The results presented for Riparin III,
whichhas the secondOH grouppositioned at C6 carbon atoms, deviated
from the previous results. It was found that the index of affinity was the
lowest of all. The association constant drops by a factor of two in com-
parison with riparin II, and the energetic balance, although favorable
(ΔG b 0), the enthalpy-entropic balance showed an important changes
in signal and magnitude of the entropic contribution, which becomes
negative, perhaps an indication of non-specific interaction enhance-
ment not detected previously. The capacity of performing hydrogen
bonds is expected for the ligandwhile interactingwith protein [18], un-
less such an interaction preferentially occurs as intramolecular mode,
which affects the binding constant. According to the literature [45],
riparin III is able to perform intramolecular hydrogen bounds between
one of the H atom of the OH groups with the O atom of the C_O group.

3.7. Ab Initio Calculation

The optimization and vibrational calculation performed for the
riparins using the DFT/B3LYP/6-31G(d,p)method showed that the opti-
mized structure is stable (global minimum on the potential energy sur-
face), since no imaginary frequency is obtained. Some calculated bond
distances, bond angles, and dihedral angles are presented in Table S1
riparin II and (c) riparin III with HSA.



Table 3
Affinity index (nH) and binding constant (K) obtained using Hill function for HSA-riparin
I–III systems.

Quencher nH K (M−1)

Riparin I 5,9 4,03 × 106

Riparin II 6,1 1,25 × 106

Riparin III 3,4 5,57 × 105
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of Supplementary material. From the MEP of riparins (Supplementary
material, Fig. S1) it is possible to note the existence of a neutral charge
distribution on the planar faces of the rings of themolecule. A dense dis-
tribution of negative partial charges can also be seennear theO3 oxygen
atom for riparin I, O22 atom for riparin II and III. On the other hand, a
positive electrostatic potential is localized near the HN hydrogen atom
in the riparins, and other regions of the molecules comparatively less
dense near the hydrogen of C141 carbon atoms.

3.8. Molecular Modeling Calculation

The fluorescent probe displacement results were used to
perform the molecular modeling calculations, positioning the riparin
molecules at site I of HSA. The best theoretical binding energies (ΔGB)
Fig. 7. (a) Location of the riparin molecules in the subdomain IIA (site 1) of HSA, close to the sin
spheres. Three-dimensional structural detail of the microenvironment interaction of riparin I
Riparin molecules are shown as sticks and balls model, the amino acid residues are denoted a
bonds depicted by green and magenta dotted line, respectively. The cation-π interaction (
dimensional representation of the interaction maps between riparin I (e), II (f) and III (g) and
and the map of interactions was calculated using LigPlot [29].
for riparin I, II and III are −29.8, −30.7 and −28.3 kJ mol−1, with
corresponding theoretical binding constants of 1.7 × 105, 2.4 × 105

and 9.0 × 104 M−1 at 298 K, respectively, which is very close to the
trend found experimentally.

Fig. 7 summarizes the interaction between HSA and riparins from
three different perspectives. At the top, Fig. 7A shows the tertiary struc-
ture of HSA with the location of the riparin molecules in its subdomain
IIA (site I), aswell as the position of its single Trp214 residue. In themid-
dle, Fig. 7B–D present in more detail the three-dimensional binding en-
vironment of riparin I, II and III at site I of HSA, respectively, showing the
amino acid residues of the protein involved in the interaction with the
riparins. At the bottom, Fig. 7E–G show the analysis of the non-covalent
interactions at site I for riparin I, II and III, respectively, performed using
LigPlot program [29].

On the left branch (Fig. 7E), Ser192, Lys 195, Lys199, Leu238, His242,
Leu260, Ala261, Ser287, Ile290, and Ala291 residuesLeu198Trp214
Leu238Val344Pro447Val455 are involved in hydrophobic interactions
with the riparin I. The Tyr150, Gln196 and Arg257 residues form hydro-
gen bonds with the ligand. The OH and NH group of Tyr150 and Arg257
side chain make up two hydrogen bonds with the O3 oxygen atom of
riparin I, presenting formation distances of 2.47 and 3.04Å, respectively.
Such an oxygen atom presents the densest distribution of negative par-
tial charge as can be seen in MEP of the molecule (Fig. S1A). The NH2
gle tryptophan residue (Trp214). The protein is shown as cartoon and riparinmolecules as
(b), II (c) and III (d) with the site 1 of HSA obtained by molecular modeling calculations.
s sticks model (C, gray; O, red; N, blue; H, white), and inter and intramolecular hydrogen
Lys199/A-ring) is indicated by dashed brown line identified by AutoDockTools. Two-
residues of site 1 of HSA. The structural representation was prepared using PyMOL [28]
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group of the Gln196 side chain forms a hydrogen bondwith the oxygen
atom O14 of riparin I, having a formation distance of 2.94 Å. A special
case occurs with Lys199 residue, it performs electrostatic interaction
of the cation-π typewith the A-ring (insert at Fig. 1) of riparin I (Fig. 7b).

On the central branch (Fig. 7F), Ser192, Lys195, Gln196, Leu238,
Ile290, Ala291, and Glu292
residuesLeu198Trp214Leu238Val344Pro447Val455 are taking part in
hydrophobic contributions of the interaction with riparin II. The
Tyr150, Lys199, His242, and Arg257 residues make up hydrogen
bonds with the molecule. The OH and NH group of the Tyr150 and
Arg257 side chain form two hydrogen bonds with the O22 oxygen
atom of riparin II, showing formation distances of 2.40 and 2.93 Å, re-
spectively. This O22 atom presents the densest distribution of negative
charge as can be seen in MEP of the molecule (Fig. S1B). The NH3

+ and
NH (position E1) group of Lys199 and His242 side chain make up two
hydrogen bonds with the O3 oxygen atom of riparin II, having a forma-
tion distance of 2.98 and 2.84 Å, respectively.

On the right branch (Fig. 7G), Ser192, Lys195, Gln196, Lys199,
Leu238, Val241, Leu260, Ile290, and Ala291 residuesLeu198
Trp214Leu238Val344Pro447Val455 are participating in hydrophobic
interactions with the riparin III molecule. The Tyr150, His242 and
Arg257 residues form hydrogen bonds with the ligand. The OH and
NH group of the Tyr150 and Arg257 side chain makes up two hydrogen
bonds with the O22 oxygen atom of ligand, presenting formation dis-
tances of 2.49 and 3.05 Å, respectively. The NH(ε2) group of His242
side chain forms a hydrogen bond with the O3 oxygen atom of riparin
III, having a formation distance of 2.91 Å.

From the LigPlot results, it is possible to see that hydrophobic inter-
actions are the largest contribution in binding riparins to site I of HSA,
with the following sequence: riparin I (ten residues), riparin III (eight
residues) and riparin II (seven residues). However, the electrostatic in-
teractions present a significant contribution to complex stabilization
in the formation of hydrogen bonds. The HSA-riparin II complex has
four hydrogen bonds while the interaction of the riparin I and III with
HSA presents three. It is important to note that the amino acid residues
of HSA involved in the binding with riparins are highly preserved, and
Tyr150 and Arg257 residues are always present in the formation of hy-
drogen bonds with riparins, playing a key role in the ligands binding at
site I of the protein.

4. Conclusion

The molecular mechanism of interactions between riparins and
human serum albumin were exploited through fluorescence spectros-
copy and computational methods. The endogenous fluorescence inten-
sity of Trp 214 was the key to monitor the interaction as a whole,
making it possible to search for the quenching mechanism, binding
sites, affinity index, and thermodynamic parameters. The results of the
binding data analysis showed that all riparins accessed the same bind-
ing site (site I), howeverwith differences in the affinity index, indicating
that some specific feature may be related with the frame of riparin.
Riparin I and II presented a slight difference in the value of the binding
constant, which may be due to the presence of the first OH chemical
group in the riparin II molecule. In the case of riparin III, the decrease
in the binding constant was more pronounced when compared to
riparin I and II, which again may be pointing to the addition of the sec-
ond OH chemical group to the riparin structure. All these results have a
direct relationship with the thermodynamic assays. For riparin I and II,
the signals for ΔG, ΔH are negative, while ΔS positive. In terms of mag-
nitude, the enthalpy contribution for riparin II, compared to riparin I, al-
most doubled in value being more likely to form hydrogen bonds. On
the other hand, the value of entropy dropped almost half, which
means that the contribution of non-specific interaction became less ef-
fective. The signal and magnitude changes of the entropic contribution
for riparin III are related to its own molecular frame, more precisely at
the B-ring (insert Fig. 1) which is the structure where the hydroxyl
group hangs. The addition of the second OH group to riparin III shows
how important is during the formation of the complex, therefore inter-
fering in the affinity index. This may be linked to the capacity of riparin
III to perform an intramolecular hydrogen bond, perceptible through
the experimental bias responses and detailed by computational tools.
In conclusion we suggest that the hydroxyl group modulated the inter-
action between riparin and human serum albumin. The next steps for
future work are based on the synergistic approach using physical and
computational tools. Molecular targets with a more specific profile
than human albumin are of great importance from the point of view
of human health and well-being.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.saa.2017.08.068.
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