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ARTICLE INFO ABSTRACT

This work aimed to evaluate the inhibition of Candida rugosa lipase by five guanylhydrazone derivatives through
biological, biophysical and theoretical studies simulating physiologic conditions. The compound LQM11
(ICsp = 14.70 uM) presented the highest inhibition against the enzyme. Therefore, for a better understanding of
the interaction process, spectroscopic and theoretical studies were performed. Fluorescence and UV-vis assays
indicate a static quenching mechanism with non-fluorescent supramolecular complex formation and changing
the native protein structure. The binding process was spontaneous (AG < 0) and electrostatic forces (AH < 0
and AS > 0) played a preferential role in stabilizing the complex ligand-lipase. The compounds were classified
as non-competitive inhibitors using orlistat as a reference in competition studies. Based on the '"H NMR assays it
was possible to propose the sites of ligand (epitope) that bind preferentially to the enzyme and the theoretical
studies were consistent with the experimental results. Finally, LQM11 was efficient as a lipase inhibitor of the
crude intestinal extract of larvae of Rhynchophorus palmarum, an important agricultural plague, showing po-
tential for control of this pest. Within this context, the real potential of this biotechnological application deserves
further studies.
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1. Introduction The increase of FA in the circulation, as verified in obesity, should be

caused by FA overload of non-adipose tissues, resulting in triglyceride

Guanylhydrazone derivatives represent a class of compounds
showing critical pharmacological properties. Some studies have shown
antiproliferative activity in human cancer cell lines, antibacterial, anti-
Trypanosoma and antifungal activities and also anti-glycating activity
[1]. The aminoguanidine presents a versatile moiety with hydrogen
bond acceptor and donor properties as well as being able to establish
electrostatic interactions [1-5]. Noteworthy, there are many com-
pounds that contain the hydrazone moiety in their structures with a
sizeable biological profile, which, favors the use of these upon adipose-
triglyceride lipases (ATGL), avoiding the increase of the plasma fatty
acid (FA) levels [6].

In the last decades, several evidences have suggested that FA me-
tabolism is closely related to the development of metabolic disorders.

* Corresponding authors.

(TG) accumulation, which is related to impaired metabolic function of
these tissues, insulin resistance, and inflammation [7,8]. In general,
plasma levels of FA are determined by the action of lipases that catalyze
the degradation of TG reserves in adipose tissue. Based on this, the
decreasing of these levels is an exciting strategy to counteract the de-
velopment of metabolic disease.

The Candida rugosa lipase (CRL) is an enzyme that consists of 535
amino acids in an alpha-beta hydrolase fold. Features of this protein
include a hydrophobic core, a variety of -sheet and helix secondary
structure, and a lid formed by an amphipathic a-helix which covers the
active site when closed and can spontaneously open to expose the active
catalytic triad (Ser209-Glu341-His449) to the solvent [9,10]. However,
the lid-opening event is thought to occur in the presence of phase
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boundaries and hydrophobic environments [6]. Moreover, there is an
oxyanion formed by Gly124 and Ala210. The formation of the oxyanion
hole does not depend on the repositioning of amino acid residues fol-
lowing the opening of the lid [9]. The mechanism of the hydrolysis
consists of several steps that remains to be fully elucidated, but a sug-
gested pathway has been extrapolated based on similar mechanism to
serine proteases; where the final step involves the release of a car-
boxylic acid [11-14].

In this context, CRL is an essential industrial enzyme with im-
portant, biotechnological applications, such as the production of FA and
the synthesis of several esters [15,16]. Furthermore, it is applying as a
biocatalyst to pharmaceuticals, cosmetics, textiles, and food industries
[17,18]. Therefore, this enzyme was selected as the model for the in-
hibition studies.

The Rhynchophorus palmarum L. (Coleoptera: Curculionidae) feeds
on the plant species of 12 different families and has been reported as
one of the most important pests in commercial palm plantations [19].
Recently, lipase inhibition assays on the crude extract of the intestine of
Rhynchophorus palmarum larvae indicates a new possibility for the
control of this plague [20], which has not yet been explored.

This work aimed to evaluate the inhibition of CRL activity by gua-
nylhydrazone derivatives through biological, biophysical and theore-
tical studies. From the guanylhydrazone derivatives, CRL activity in-
hibition assays were performed, and the compounds with higher and
lower inhibitory effects were then selected for comparative analysis.
Spectroscopic studies and a computer model were used to predict the
behavior, thermodynamic parameters and types of interactions, using
molecular dynamics and docking, and evidencing the properties of the
interfacial activation, concerning the lipolytic activity decrease. Finally,
the guanylhydrazone derivatives were assessed in the lipase inhibition
assays on the crude extract of the intestine of Rhynchophorus palmarum
larvae aiming a biotechnological application.

2. Experimental
2.1. Reagents and solutions

The enzyme used in the inhibition assays and interaction studies
was a commercial lipase from Candida rugosa type VII (1135 units
mg’l). This enzyme, 2,3-dimercapto-1-propanol tributyrate (DMPTB),
5,5’-dithiobis(2-nitrobenzoic acid), Triton X-100, Tris-HCI, orlistat, 8-
anilinonaphthalene-1-sulfonic acid (ANS), hydrochloric acid 37%,
deuterium oxide (D,0) and 4-methyl-umbelliferyl butyrate were ob-
tained from Sigma-Aldrich® (St. Louis, EUA). Other reagents and sol-
vents employed in the assays were of analytical grade with purity above
98% (DMSO, ethanol, EDTA, sodium trimethylsilyl propionate (TMSP),
sucrose, NaH,PO,, Na,HPO,4 and NaOH). Stock (1 mM) and work so-
lutions (0.1 mM) of guanylhydrazones derivatives synthesized (ac-
cording to item 2.2) and CRL (2mgmL~') were prepared in 50 mM
Tris-HCI buffer (pH 8.0 + 0.1). Ultrapure water (18.2 MQ cm ™) was
used in all the experiments to prepare the solutions (Millipore, USA).
The variations in the concentrations of enzyme and guanylhydrazones
derivatives employed in the different experiments are related to the
sensitivity and specificities of each technique or method applied.

2.2. Guanylhydrazone derivatives

Guanylhydrazones (LQM, Fig. 1) were prepared by the reaction of
aminoguanidine hydrochloride (1eq.) and 4-chlorobenzaldehyde
(LQMO2), 4-cyanobenzaldehyde (LQMO3), 4-hydroxyl-3,5-tert-butyl
benzaldehyde (LQM10), 4-formyl benzoic acid (LQM11), or methyl 4-
formyl benzoate (LQM16) (1.25 eq.). The reactants were added in 6 mL
of methanol under reflux and stirred during the overnight. Additionally,
all reactions were monitored by thin layer chromatography. Subse-
quently, the crude solutions were dried under reduced pressure. Finally,
the solid materials were triturated, washed, and filtrated with cold
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ethyl acetate, leading to the substances as pure powders. All proceeds
were performed as described by Franga et al. [21].

2.3. Lipase inhibitory activity assay in vitro

Lipase activity screening was assayed as described by Choi et al.
[22]. A standard mixture was prepared using the final concentration of
0.2 mM of 2,3-dimercapto-1-propanol tributyrate (DMPTB), 0.8 mM of
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), 1 mM EDTA, 0.005% (m/v)
of Triton X-100, 2 U of the enzyme (1.8 uL of 1 mg mL ™! solution) in
50 mM of Tris-HCI buffer (pH 8.0 + 0.1), incubated at 37 °C. A control
in the absence of DMPTB was employed. Inhibition of CRL activity by
guanylhydrazone derivatives (200 uM) was evaluated by pre-incubation
(10 min). After this, the absorbance at 405 nm was measured. CRL and
crude extract from the anterior and posterior gut of Rhynchophorus
palmarum larvae were used as the source of enzymes for the inhibition
assays. The assays for inhibition concentration (ICsy) calculations were
performed using the fluorogenic substrate 4-methyl-umbelliferyl buty-
rate (MUF-butyrate) based on Diaz et al. [23]. The lipolytic activity was
evaluated according to the intensity of fluorescence emission due to the
hydrolysis of the MUF-butyrate substrate and release of the MUF
(fluorescent probe) in the reaction medium. The ICs, value has de-
termined employing the statistical method of the sigmoidal dose-re-
sponse curve.

2.4. Biotechnological application: insects and enzyme sources

The larvae (third instar) of Rhynchophorum palmarum employed in
this study were fed exclusively with living vegetative tissue and taken
from a colony maintained at 28 °C with 80% relative humidity. The
foregut and hindgut of Rhynchophorum palmarum larvae were dissected.
the luminal content was removed and the tissues were homogenized in
a cold buffer (20 mM Tris-HCI at pH 8.0 containing 0.25 M sucrose) and
used as sources of enzyme [19]. Protein concentrations were de-
termined as described by Bradford using bovine serum albumin as
standard [24].

2.5. Biophysical studies exploring spectroscopic techniques

The molecular fluorescence spectra in the steady-state mode were
obtained wusing a spectrofluorophotometer model RF-5301PC
(Shimadzu, Japan) with a xenon lamp (150 W) as the radiation source.
The measurements were made in a quartz cuvette with an optical path
of 1.0 cm. The excitation and emission slits were 5 and 10 nm, respec-
tively. In the spectrofluorometric titrations of CRL (0.1 mg mL ™Y, Aey/
Aem = 280/343 nm), the concentration of LQM11 or LQM16 varied
from 0 to 100 pM. The spectrofluorometric titrations were performed at
different temperatures (22, 30 and 38 °C).

For the 3D-fluorescence experiments, CRL solutions (0.1 mg mL™Y)
in the absence and presence of LQM11 or LQM16 (60 uM) were excited
in the 220-350 nm range with emission spectra recorded from 250 to
650 nm.

Synchronous fluorescence studies were applied to monitor the
tryptophan (AN = 60nm) and tyrosine (A\ = 15nm) residues sepa-
rately, as well as the evaluation of the microenvironment polarity of
these amino acids in the enzyme [25]. Finally, orlistat (10 and 30 pM)
was used as a competitive lipase inhibitor in the competition assay with
guanylhydrazone derivatives by the active site of the enzyme.

The UV-vis experiments were performed employing spectro-
photometer AXJ-6100PC (Micronal, Brazil) of double beam equipped
with a quartz cuvettes pair having 1.0cm of the optical path. The
spectra of CRL (0.2mgmL~"), guanylhydrazone derivatives (10 uM)
and the respective mixture (CRL + LQM11 or LQM16) were obtained
in the absorbance module at 30 °C.

The interaction between CRL and guanylhydrazone derivatives by
H NMR was evaluated based on LQM11 or LQM16 (1 mM) spectra
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Fig. 1. Chemical structure of LQM guanylhydrazone derivatives evaluated as CRL inhibitor.

profile in the absence and presence of 0.4 mg mL ™! of the enzyme. The
spectra were obtained on a Bruker 400 MHz spectrometer (B, = 9.4 T),
using an indirect detection probe of 5nm at 22 °C. The solutions were
prepared in 10 mM phosphate buffer (pH 8.0) using H,O/D,0 (1:10)
containing 40 uM of sodium trimethylsilyl propionate (TMSP) [26,27].
In the experiments containing the mixture CRL and guanylhydrazone
derivatives the resolution, peaks multiplicity, and variation of the
chemical shift (8) were used as an evaluation parameter.

2.6. Theoretical studies of CRL with guanylhydrazone derivatives (LQM11
and LQM16)

2.6.1. Molecular dynamics simulations

The X-ray crystal structure (2.1 A resolution) of the Lipase from
Candida rugosa (PDB entry: 1TRH) was selected for carrying out the
molecular dynamics (MD) simulations. All hydrogen atoms were added
using the AutoDock Tools® version 1.5.4 (http://mgltools.scripps.edu/
downloads/previous-releases/mgltools-1-5.4/mgltools-1-5.4) [28].
Moreover, the pK, values of the macromolecule were estimated ap-
plying the empirical PROPKA® version 3.1 at pH 7.4 (physiological
conditions) [29-31]. Gromacs® 2016 software (http://www.gromacs.
org/) was used to perform the MD simulations. In total, fourteen so-
dium counterions (Na*) were added into the system to obtain elec-
troneutrality, and the full system was placed in an orthorhombic box of
water molecules (1000 AP’). The CRL structure and water molecules
were minimized by OPLS force field, implemented in the Gromacs®
2016 program. In a sense, the Simple Point Charge (SPC) 2016 model
was used to describe the water solvation model [13]. The complete
system was described as a total of 46,210 atoms, and it was relaxed for
20 ns at 300 K. Finally, to validate the CRL structure generated by MD
the Ramachandran plots were obtained using Rampage® server (http://
mordred.bioc.cam.ac.uk/~rapper/rampage.php) developed by Crys-
tallography and Bioinformatics Group from the University of Cam-
bridge [32].

2.6.2. Molecular docking

In the studies, by molecular docking, the ligand structures were
drawn in .smiles” format, and they were converted into three-dimen-
sional .mol2" files using Corina® (Molecular Networks, http://www.
molecular-networks.com/) [33]. Austin Model (AM1) was employed as
a method for energy minimization by ArgusLab® version 4.0.1 (http://
www.arguslab.com/arguslab.com/ArgusLab.html). All final structures
were converted in .pdbqt* files by AutoDock Tools® version 1.5.6. The
ligand structures were considered into pH 7.4 (at physiological condi-
tions). Finally, the protonation states were generated using the Fixpka
from QUACPAC® version 15.0 program (http://www.eyesopen.com/
news/quacpac-v150-released). Furthermore, ions and water molecules
from the more stable CRL generated by MD simulations were removed,
using the graphical interface of AutoDock Tools v. 1.5.6 [33]. Based on
the possibility that there is an allosteric binding site, the blind-docking
method was employed as a more convenient docking protocol. In sense,
a grid box centered on x: —0.06; y: 0.096; and z: 0.289 A was applied.

This grid was used to evaluate the steric boundary of the CRL and van
der Waals and/or hydrogen bond interactions between the ligands and
the binding site [34]. Partial atomic charges were added by using the
Kollman mathematical method, and all atoms were assigned as AD4
type. Finally, the molecule was converted to .pdbqt* extension [35,36].

2.6.3. Gibbs free energies of binding (AG) determination by density
functional theory

Recently, several studies using broadly employed docking programs
concluded that no docking program is capable of predicting accurate
Gibbs free energy of binding (AG) [37-40]. On the other hand, the AG
between a ligand and macromolecular target can be accurately ob-
tained from the application of rigorous chemical calculations, based on
quantum chemistry [41,42]. The Density Functional Theory (DFT)
calculations were performed using the M06/6-31G(d) level of theory
from the Spartan® version 14.0 program. This level of theory was ap-
plied to provide the corrected values of AG from the ligands-CRL
complex formation. The M06 method applies the global hybrid func-
tional, which is the top performer within the six functionals of the
leading group, thermochemistry, kinetics and non-covalent interactions
[43-45]. In a sense, the correct structures of the ligands and their active
sites into CRL structure were required, whose they were extracted from
the molecular docking studies.

The binding energy values were obtained applying the Eq. (1),
where the AG was calculated as the difference between the complex
energy (Ecomplex) and the sum of the CRL enzyme (Ecnzyme) and ligand
(Eiigana) energies considered separately:

AG = [Ecomplex - (Eenzyme + Eligand)] (1)

In these calculations, the electrostatic and steric effects of the pro-
tein environment surrounding the active site were ignored entirely.
Finally, all these procedures were performed as described by Silva-
Junior et al. [42].

3. Results and discussion

3.1. Biological studies: inhibition of the lipase activity and ICs,
determination in vitro

The inhibition assays using a commercial C. rugosa lipase (CRL)
showed a significant inhibition only with the guanylhydrazone deri-
vatives LQMO02 and LQM11, with a lipase activity reduction of 23 and
47%, respectively. For the other derivatives insignificant percentages of
inhibition were observed: LQMO3 (0.0%), LQMO010 (5.43%) and
LQMO016 (7.31%) (Fig. 2A).

To evaluate the inhibition profile and predict the possible interac-
tions between guanylhydrazone derivatives and enzyme, LQM11 and
LQM16 compounds were selected (based on higher and lower in-
hibitory effect, respectively) to proceed in more specific interaction
studies. The major structural difference between the guanylhydrazone
derivatives is the carboxylic acid function (completely dissociated at pH
8.0) in LQM11, while LQM16 presents the corresponding methyl ester.
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Volmer quenching plot. The inset in (B) corresponds to a linear range in the Stern-Volmer plot. (C) Double logarithmic curve to the binding constant calculation.

The small structural variation in the compounds (methyl group) led to
the inhibition of selectivity in CRL activity (Fig. 2A).

The methylation effect on physical, chemical and biological prop-
erties of different compounds, is widely discussed and supported by
Barreiro et al. [46]. Thus, a functional change of this nature may ac-
tually lead to effective variations in the inhibitory profile of the eval-
uated compounds.

Therefore, the half maximal inhibitory concentration (ICso) was
calculated for both guanylhydrazone derivatives. The compound with
higher inhibitor effect (LQM 11) showed ICsy of 14.70 + 0.61 M
(Fig. 2B), while the compound with lower inhibitor effect (LQM16),
showed ICsy of 171.8 + 1.6 uM (Fig. 2C), consequently, the LQM11
derivative was approximately 12 times more active than its analogous.

Finally, the guanylhydrazone derivative LQM11 presents ICs, value
comparable to other lipase inhibitors (in vitro assays) reported in the
literature for synthetic and natural compounds against different en-
zymes models (Table S1, supplementary material). Surprisingly, the
compound LQM11 was more active against the CRL when compared to
the orlistat (ICso = 137.2uM at pH 7) [47].

3.2. Evaluation of interaction process by biophysical studies

The biophysical studies based on different spectroscopic techniques

were applied to obtain a mutual understanding of enzymatic inhibition
process of CRL by guanylhydrazone derivatives LQM11 and LQM16.

3.2.1. Binding and thermodynamics parameters exploring fluorescence
spectroscopy

Proteins generally have three intrinsic fluorophores: tryptophan
(Trp), tyrosine (Tyr), and phenylalanine (Phe) residues. The Phe residue
has low fluorescence quantum yield, while Tyr residue fluorescence is
almost entirely quenched by the carboxyl group, disulfide bonds or Trp
residue. Lipase from C. rugosa contains five Trp residues at locations
119, 161, 188, 221 and 489 and twenty Tyr residues [48]. The CRL
intrinsic fluorescence is contributed mainly by Trp residues, which can
be used as intrinsic fluorophores to provide information on the enzyme-
ligand interaction and ligand-induced conformational change around
the binding site [26]. Thus, the binding and thermodynamic parameters
of CRL and the guanylhydrazone derivatives LQM11 and LQM16, with
higher and lower inhibitory effect, respectively, were established ex-
ploring fluorescence spectroscopy.

The evaluation of interaction among guanylhydrazones derivatives
(LQM11 and LQM16) and CRL was explored by spectrofluorometric
titration based on protein intrinsic fluorescence. The fluorescence
spectra profile of CRL titrated with the ligand LQM11 is shown in
Fig. 3A. A similar spectral profile was obtained to CRL when titrated
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with LQM16 in the same experimental conditions.

The CRL presented an intense and broad band, centered at 343 nm
when excited at 280 nm and the ligands addition carried out the de-
crease in fluorescence intensity, besides emission band shift from 343 to
345 nm. The redshift caused by ligands interaction with CRL lead to
exposure of the Trp to a more polar microenvironment, indicating a
change in the conformational of the native enzyme [49]. Thus, to ex-
amine the mechanism of interaction between LQM11 and LQM16 with
CRL the Stern-Volmer equation was applied:

K

F
& =1+ KmlQl or FO =1+Kw(Ql

()]

Fo and F are the fluorescence intensities in the absence and the
presence of the ligand, respectively; K, is the bimolecular diffusion
quenching rate constant, 7, is the average lifetime (10~8s), [Q] is the
ligand concentration (quencher), and Kgy is the Stern-Volmer
quenching constant [27]. The binding constant was calculated ac-
cording to Eq. (3):

log[M] = logK};, + nlog[Q]

F 3

K, is the binding constant and n is the number of binding sites. The
Fig. 3B-C shows linearization of the Egs. (2) and (3), respectively, to
calculate the binding parameters (Ksy, Kp, and n). The temperature ef-
fect on the interaction process between guanylhydrazones derivatives
(LQM11 and LQM16) and CRL was further investigated and the results
summarized in Table 1.

The exponential profile of Kgy plot (Fig. 3B) indicates that all Trp
residues are accessible to the quencher or, only one of Trp residues is
responsible for fluorescence emission [50]. The concentration linear
range obtained employing guanylhydrazone derivatives from 5.0 to
60 M was employed to calculate Kgy values (Table 1) and determine
the quenching mechanism. The Kgy values decreased upon an incre-
ment of temperature from 22 to 38°C, indicating the occurrence of
static quenching, due to higher temperatures that affect the enzyme-
ligand complex stability [51]. According to Das et al. [52], when the Kq
is less than 2.0 x 10 M~! s~ occurs a dynamic quenching, while
higher K, values are an indication of static quenching mechanism. The
Kq values obtained in this study (Table 1) varied from 1.87 to
2.55 x 10" M~! 57!, confirming that the interaction process occurs
through the static quenching.

The ligand affinity with CRL is a relevant parameter for the enzyme-
ligand interaction study and thereby helps to explain the lipase in-
hibition profile. The K;, values for the guanylhydrazone derivatives and
CRL complexes interaction ranged from 4.48 to 5.17 x 10° M~ for
LQM11 and 0.41 to 0.54 x 10° M~ for LQM16 based on temperature
variation (Table 1), and the n was close to unity indicating that there is
a single site of binding of the ligands with the enzyme. Therefore, the
compound LQM11 presented more affinity towards CRL, since the K
values were ~ 11-folder higher than that of LQM16 (at 38 °C), corro-
borating with the biological activity assay, being obtained an ICs, value

Table 1
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for LQM11 ~ 12-folder higher than that of LQM16.

Binding sites number (n) were calculated and varying from 1.05 to
1.27, indicating the interactions among LQM11 and LQM16 with CRL
occur in the ratio 1:1. Additionally, the guanylhydrazone derivatives
assessed showed binding constant values comparable to other com-
pounds interacting with different lipases models (Table S2).

The thermodynamic parameters (AH and AS) were calculated ac-
cording to the linearization of the Van't Hoff equation (Fig. S1, sup-
plementary material) whereas the heat of reaction did not change with
temperature [53]:

AH[l] AS
+ =
T

InK,=—-
b R R )

K, is the binding constant, T is the temperature in Kelvin (K), and R is
the universal gas constant (Eq. (4)). The Gibbs free energy (AG) value
was obtained using the following equation:

A G= A H- TAS )

The calculated thermodynamic parameters are presented in Table 1.
According to Ross and Subramanian [54], when AH < 0 and AS > 0
the interaction between LQM11 and LQM16 with CRL is preferably
governed by electrostatic forces. This fact can be justified by the che-
mical structure of the compounds, since protonation of the positively
charged amine groups (in both compounds) and dissociation of the
carboxylic acid group with a negative charge (in LQM11) are expected.
Besides, it was evident that the interaction of LQM11 was more asso-
ciated to enthalpic factors, whereas that of LQM16, to entropic factors.
Finally, all values of AG were negative indicating the spontaneity of the
interaction.

3.2.2. UV-vis evaluation of interaction process

The UV-vis spectroscopy was used to assess the formation of the
guanylhydrazone derivatives and CRL complexes based on monitoring
of the structural changes in the protein, besides confirming the
quenching mechanism related with the fluorescence suppression pro-
cess [55].

The free CRL presented maximum absorption at 277 nm associated
to aromatic residues of Trp, Tyr and Phe absorption due to the transi-
tions ;wt — 7t [50], while the Aoy for LQM11 and LQM16 were 313 and
317 nm, respectively, because the transitions t— " and n—xn" (Fig.
S2). Once LQM11 was added to the CRL solution, it was verified a
hyperchromic effect followed by a 29 nm bathochromic shift, indicating
an interaction between enzyme and ligand with the supramolecular
complex formation. The spectrum acquired from subtraction of the
complex spectra by the free ligand (LQM11) resulted in a non-over-
lapping spectrum to the free CRL spectrum (Fig. S2A), proving that
there was no additive effect of Beefs law (Table S3) and confirming the
enzyme and LQM11 complex formation. Similar results were obtained
for guanylhydrazone derivative LQM16 (Fig. S2B). Since that supra-
molecular complex formation shown by UV-vis is related with changes
in the ground state of evaluated compounds (LQM11 and LQM16) and

Binding and thermodynamic parameters of the interaction process of LQM11 and LQM16 with CRL.

Compound T (°C)  Quenching parameters Binding parameters Thermodynamic parameters
Koy (10°M~ Y  r K, 10 M 's™) K, (1°M™YH)  n r AH (kJmol™!) AS(Umol 'K™')  AG (kJ mol™")

LQM11 22 2.55 = 0.08 0.9976 2.55 5.17 = 0.24 1.27 * 0.07 0.9942 — 29.67 + 2.93 — 28.84

30 2.46 = 0.09 0.9963  2.46 4.92 = 0.19 1.29 = 0.04  0.9972 — 28.81

38 2.38 + 0.01 0.9959  2.38 4.48 = 0.11 1.17 = 0.06  0.9964 — 28.79
LQM16 22 2.05 + 0.05 0.9974  2.05 0.54 + 0.03 1.09 = 0.05  0.9962 — 13.46 + 25.86 —5.83

30 1.98 = 0.03 0.9992  1.98 0.47 = 0.01 1.05 = 0.03  0.9951 —5.62

38 1.87 = 0.02 0.9978 1.87 0.41 = 0.02 1.07 = 0.04  0.9948 —5.42

* r represents the linear correlation coefficient (Pearson coefficient).
** AH = enthalpy change, AS = entropy change and AG = Gibbs free energy.
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Fig. 4. Tridimensional fluorescence spectra of (A) CRL (B) CRL-LQM11 and (C) CRL-LQM16 complex. Enzyme and ligands at 0.1 mg mL ™" and 60 uM, respectively,

all systems at pH 8.0 and 30 °C.

CRL in the interaction process [51,52], the static quenching mechanism
previously reported by molecular fluorescence results is confirmed.

3.2.3. Evaluation of conformational changes in the structure of CRL
3.2.3.1. Three-dimensional fluorescence  spectroscopy. The three-
dimensional (3D) fluorescence spectroscopy allows a study of the
conformational changes in the secondary structure of the proteins
[25-27]. The 3D fluorescence spectra for CRL and several complexes
with LQM11 and LQM16 are presented in Fig. 4.

The 3D fluorescence spectrum of free CRL (Fig. 4A) and the com-
plexes of LQM11 and LMQ16 with the enzyme (Fig. 4B and C) pre-
sented three peaks (1, 2 and 3). The peak 1 corresponds to Rayleigh
scattering, which is characterized by radiation re-emission (A\ex = A em)
by solvent (water) of the medium; thereby a small fraction of the ab-
sorbed radiation is scattered in all directions at the same wavelength.
The peak 2 is related to the emission of Trp and Tyr residues, and peak 3
to the emission of the polypeptide backbone of the CRL [56]. After
guanylhydrazone derivatives addition, the fluorescence intensity of the
peaks 2 and 3 were reduced 67 and 64% for LQM11 and 59 and 41% for
LQM16, respectively (Table 2).

The reduction in the fluorescence signal of the peak 2 indicates
changing in the Trp and Tyr microenvironment, while for peak 3, in-
dicates a modification in the native protein structure. The most sig-
nificant variations in polypeptide protein chain and enzyme folding
were verified for the CRL-LQM11 complex. Thus, the ability of LQM11
to change the original conformation of the CRF is probably one of the
reasons of its efficiency as lipase inhibitor. Additionally, the change in
the Aex OF Ao, related to the fluorescence peaks (2 and 3) indicates that
the native protein structure was altered. Similarly, it was verified by
Stokes shift in each system in comparison with free CRL that LQM11
presented the highest variation, corroborating the previous results.

3.2.3.2. Synchronous fluorescence. Based on synchronous fluorescence
measures, it is possible to monitor the interaction process and changes
in the microenvironment polarity of the Trp and Tyr residues,
separately [57]. In this study, Stern-Volmer constant (Ksy) based on

AN = 15nm (Tyr) and AA = 60 nm (Trp) was the analytical parameter
used to evaluate interaction between guanylhydrazones derivatives and
CRL. Synchronous fluorescence spectra profile for CRL and LQM11
system at pH 8.0 is shown in Fig. 5, and similar results were obtained
for LQM16. The Table S4 presented binding parameters obtained for
guanylhydrazones derivatives evaluated with CRL.

Considering the results obtained an emission maximum shift for
both evaluated compounds was observed against the enzyme (Fig. 5
and Table S4). For the LQM11 and LQM16 the shifts were more pro-
nounced for Tyr residues than Trp, probably is due to these residues, in
the CRL structure, are more accessible to ligands in comparison to Trp.
The real variation indicates an increase in polarity of the micro-
environment, as well as negative variation is related to polarity re-
duction, and both processes allow describing changes in the original
protein structure [58].

According to the Kgy values Tyr residues of CRL were systematically
most affected when compared to Trp (Table S4) and had their micro-
environment changed more significantly than Trp, in the interaction
process. The results obtained by synchronous fluorescence were in
agreement with those achieved by molecular docking (presented at the
theoretical studies session).

3.2.4. Protein binding site evaluation

For evaluation of the preferential binding sites between the gua-
nylhydrazone derivatives and the CRL, compounds with selectivity by
some areas of the enzyme were used, thus acting as labeling probes.
This strategy has been successfully used to evaluate the preferential
binding site in enzymes (urease) [25], and carrier proteins (HSA and
BSA) [27].

Orlistat is a compound that binds to the catalytic site of lipase being
a competitive inhibitor [47]. To evaluate the site interaction in the CRL
with guanylhydrazone derivatives (LQM11 and LQM16) spectro-
fluorometric titration based on intrinsic protein fluorescence was per-
formed in the presence and absence of the competitor (orlistat). The
ratio between binding constants was used as the evaluation parameter,
where Ky’ is the constant in the presence of the orlistat (at two different

Table 2
Three-dimensional fluorescence spectrum parameters for the CRL and the complexes with LQM11 and LQM16. Conditions: pH of 8.0 at 30 °C.
Peak CRL CRL + LQM11 CRL + LQM16
Position Stokes shift Fluorescence Position Stokes shift Fluorescence Position Stokes shift Fluorescence
(Nex/Nem)” A\ (nm)®  intensity (Mex/Nem)” AN (nm)°  intensity (Nex/Nem)” AA (nm)”  intensity
(1) Rayleigh Aex = Aem 0 > 1015 Aex = Mem 0 > 1015 Aex = Mem 0 > 1015
scattering
(2) Trp and Tyr 285/342 55 878 (100%) 276/350 74 292 (33%) 276/346 70 361 (41%)
(3) Polypeptide chain 238/339 101 295 (100%) 238/355 117 107 (36%) 248/352 104 173 (59%)

2 Values in nm.

PAN = Aem — Aexe
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Fig. 5. Lipase from Candida rugosa (0.1 mg mL ") synchronous fluorescence spectra upon addition of increasing concentrations of LQM11 at different concentrations
in pH 8.0 and 30 °C, monitoring (A) A\ = 15nm (Tyr) and (B) AA = 60 nm (Trp).

levels of concentration), and Ky, in the absence of competitor. When the
ratio K,’/K, > 1 indicate that complex between the evaluated gua-
nylhydrazones and CRL is favored. On the other hand, for ratio K’/
Ky < 1 occurs hindrance toward supramolecular complex formation
due to competition among the LQM11 or LQM16 and orlistat, prob-
ably, by the same region, in this case, the catalytic site of the lipase.

The results showed that orlistat did not displace of LQM11 or
LQM16 from the lipase binding site (Table 3), consequently, the gua-
nylhydrazone derivatives and orlistat bind in different regions of the
enzyme (Ky’/K, = 1). Therefore, the central mechanism of action of the
LQM11 and LQM16 is based on non-competitive inhibition, binding at
an allosteric site of the CRL. The competitive assay with orlistat pre-
sented a good agreement with molecular docking results (presented at
the theoretical studies session).

The 8-anilinonaphthalene-1-sulfonic acid (ANS) is a probe that se-
lectively binds to hydrophobic regions of the proteins [59]. The ANS
presents weak fluoresce in an aqueous medium, however, in the pre-
sence of the lipase, the probe binding in the protein hydrophobic sites
and occur a significant increase in the fluorescence intensity (Fig. S3).
When a ligand is capable of binding to the same ANS site, it is displaced,
and the fluorescence intensity is reduced. In this study, none of the
guanylhydrazone derivatives could replace the ANS (spectral overlap)
of its hydrophobic site (Fig. S3A-B), which corroborates that main
forces of complex formation are electrostatic based on thermodynamic
parameters. Therefore, the binding site of LQM11 and LQM16 in the
CRL should be a more polar region, compared at the ANS probe binding
local.

3.2.5. Evaluation of the interaction process by 'H NMR
In this study, it was possible to monitor changes in the ligands

Table 3

CRL binding constants ratio of guanylhydrazone derivatives in the presence
(Kp,) and absence (Kp,) of orlistat, a competitive lipase inhibitor. Conditions: pH
of 8.0 at 30 °C.

Orlistat (M) Binding constant ratio (Kp/Kp)

LQM11 LQM16
10 1.05 1.02
30 0.98 1.23
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evaluated, while in the previous spectroscopic experiments, variations
resulting mainly to the modifications in the protein structure were as-
sessed [60]. Thus, the chemical shift (§) was one of the parameters
selected to monitor the effect of the interaction of LQM11 and LQM16
with the CRL by the nuclear magnetic resonance of hydrogen (*H
NMR). The 'H NMR spectra of LQM11 and LQM16 in the absence and
presence of CRL with all of the hydrogens assigned are shown in Fig. 6.
In the presence of an enzyme, the guanylhydrazone derivatives
signals were observed to be enlarged. However, the chemical shifts
varied only for the hydrogens Ha and Hc of LQM11 (Table S5), due to
intermolecular interaction between this compound and the enzyme.
The variation in the chemical shifts (A8) for LQM11 hydrogen atoms Ha
and Hc in the absence and presence of CRL was * 0.01 (Table S5).
Thus, the region of the compound LQM11 near the hydrogen atoms Ha
and Hc (sites nearby the positive and negative charges of the com-
pound), should be the epitope of the molecule, where the interaction
process is most effective [26]. Finally, the 'H NMR studies corroborate
with the previous results, where the compound LQM11 presented more
significant interaction with the CRL in comparison to LQM16.

3.3. Evaluation of the interaction process by theoretical studies

3.3.1. Molecular dynamic

Initially, the generated 3D-structure of CRL enzyme by MD simu-
lations was validated. The validation of the backbones and amino acid
side chains for this model were performed by generating and analyzing
the corresponding Ramachandran plots, which represent the distribu-
tions of the glycine and proline dihedral angles ¢ and y (Fig. S4).

The Ramachandran plotted was used to determine the validation of
CRL enzyme generated by MD simulation. In a sense, it was verified that
the 90% of the residues are in the most favored regions (dark blue) and
10%, in additional allowed regions (pale blue and orange). No amino
acid residues were found in the disallowed region (white). The plots at
the top- and bottom-left quadrants indicate that the model contains
both -sheet and -helix structures (Fig. S4). Moreover, the plots at the
top- and bottom-right quadrants represent the lid structure. Finally,
these results prove that the model is highly plausible.

In general, CRL is active upon interfacial activation. Interfacial ac-
tivation implies the opening of the lid, with the cis-trans isomerization
of Pro92 and the shift of the lid almost 19.0 A before the fatty acid can
be adsorbed on the active site [61,62]. However, the only way that
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Fig. 6. "H NMR spectra (400 MHz) of (A) LQM11, (B) and (C) LQM16 in the absence and presence of CRL at pH 8.0 and 22 °C. Sodium trimethylsilylpropionate

(TMSP) was employed as an internal reference standard.

proline in the CRL's lid can suffer isomerization is upon protonation and
change of the amide N to a transition state with an ammonium char-
acter. Water or even buffer of pH 7.0 is not acidic enough to protonate
N from proline [9]. Additionally, it is suggested that the reaction me-
chanism of CRL involves acylation and deacylation steps, similar to
those of serine protease [11,63].

The CRL structure relaxes to a root-mean-square deviation (RMSD)
of about 3.15 A during the first six ns of MD simulation. The low RMSD
value indicates that the enzyme exhibits a little conformational devia-
tion from its starting structure. Additionally, it was observed that the
CRL-LQM11 complex stabilization occurs about 8.5 ns (Fig. 7A), and for
the CRL-LQM16 complex, about 15.8 ns (Fig. 7B).

The conformational stability of CRL-LQM11 and CRL-LQM16
complexes were investigated during the MD simulation. For this pro-
pose, the RMSD from the initial structure throughout the simulation
was analyzed. In the Fig. 7A, it is possible to suggest that there is a
transition state for CRL-LQM11 complex formation, at five ns, whose it
is stabilized after eight ns of dynamic simulation. At transition state,
there is an RMSD gap of 1.45 A which fall to 0.4 A, after complex for-
mation, suggesting a good affinity between them. For the CRL-LQM16
RMSD (Fig. 7B), it is observed that the transitional state is not trans-
parent, but the complex stabilization (RMSD gap value of 0.8 A) occurs
about of 15 ns, suggesting that the LQM16 does not effectively interacts
with CRL enzyme.

Interestingly, crystals of CRL enzyme can be found in a closed
conformation, with the hydrophobic pocket and catalytic triad (Ser209,
Glu341, and His449) obscured, such as 1TRH.pdb structure. Thus, the
enzyme may be closed when soluble and may open to engaging a fat
droplet at the catalytic site [61,64]. This fact was confirmed by a
comparative study of the CRL crystal structure from PDB and CRL
structure generated by MD simulation (Fig. 8A). In both cases, it was
observed the closed conformation for the lid which became the catalytic
triad inaccessible, by results observed by Burney et al. [6]. Further-
more, it was verified that the LQM11 and LQM16 preferentially in-
teract with a completely different active site, mainly on the opposite
side of the CRL enzyme (Fig. 8B).

Considering the closed lid conformation, the results corroborate the
hypothesis that there is an allosteric site, due to the monitoring of
distances and positions of the side chains of the catalytic residues
Ser209, Glu341 and His449 not having showed any essential alterations
in the structural organization of the catalytic triad, which suggests a
non-competitive inhibition, a hypothesis corroborating the spectro-
scopic results.

3.3.2. Molecular docking

It is worth noticing that LQM11 and LQM16 interact with a dif-
ferent binding pocket, considering the catalytic triad. This fact con-
tributes to suggest that there is an allosteric binding site involved in the
activity of these compounds; supported by the experimental results. In
Fig. 9 all interactions for these guanylhydrazone derivatives are shown.

Based on molecular docking it was verified that LQM11 and LQM16
compounds present van der Waals interactions with Pro43.
Individually, the LQM11 compound interacts with the Leu6, GIn187,
and Asn192, hydrophobically. Also, it was also observed three H-bonds,
such as COO~ group with —C=NH,* at Trp188 (3.28 A) and Pro27
4.4 10\) residues; and —C=NH," group with COO~ at Tyr228 (2.83 [o\)
residue. These hydrogen interactions favor the complex stabilization
and increase the affinity. In contrast, LQM16 interacts with the Ala7,
Trp188, and Tyr228 residues, hydrophobically. Moreover, there is an
H-bond between —C=NH,* and COO~ at Asn8 (3.24 A) residue.
Finally, it is possible to suggest that Pro43, Tyr188, and 228 amino
acids should be considered as critical residues for allosteric modulation
of CRL enzyme. However, Leu6, Pro27, Gln187, and Asn192 could
contribute to the activity, as stabilizing residues.

3.3.3. Gibbs free energies of binding (AG) determination by density
functional theory

Frequently, the algorithms used in molecular docking simulations
are not able to predict accurate Gibbs free energies (AG) [62]. In a
sense, quantum mechanical (QM) calculations can be applied as a safe
method to predict AG values more reliable [42]. The binding pose for
each ligand and their corresponding active sites were utilized as a
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coordinates over a simulation time of 20 ns.

starting point, which was extracted from the molecular docking simu-
lations. Based on this, DFT calculations using M06/6-31G(d) as the
level of theory were applied to determine the corrected AG values from
the CRL-guanylhydrazone derivatives complexes formation. Finally, all
energetic values were calculated as described in the methods section.
The results for this evaluation are shown in Table 4.

It is possible to observe that there is a relationship between the
experimental and the predicted AG values by M06/6-31G(d). The

Closed lid

LQM11 presented a high affinity to the CRL enzyme, with a AG value of
—31.85kcalmol ™! (Table 4). In contrast, LQM16 demonstrated a low
affinity to the CRL, with a AG value of —11.82kcal mol ~!. Interest-
ingly, some information can be derived from these QM calculations.
Considering the structural similarity between both guanylhydrazone
analogs, it is possible to verify the existence of significant energetic
differences when all results are individually analyzed. In general,
both compounds present similar Ejg.nq values, since they have

Fig. 8. A comparative view of the lid from CRL crystal structure PDB (A) and lid from CRL structure after dynamic simulation at pH 8.0 (B) LQM11 (magenta) and

LQM16 (cyan) compounds are showed in the complex in the allosteric site.
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Table 4
Gibbs free energy (AG) values predicted by M06/6-31G(d).
Compounds  Energy (kcal mol™ 1) AG (kcal
mol 1)
Ecompl E Eligand
LQM11 —2638883.624 —2188148.415 —450703.3515 —31.85
LQM16 —2206953.38 —1712400.95 —494540.6069 —11.82

approximately the same number of atoms. However, LQM16 showed to
be more stable in its free form than LQM11. In contrast, it was observed
a high difference in the Ecompiex and Eepzyme values. Concerning to the
complex formation (Ecomplex), it Was demonstrated that the LQM11
presents an excellent value, suggesting that this compound effectively
interacts with the CRL enzyme, and this fact confirms that the H-bonds
observed in molecular docking simulations significantly contribute to
the stability of this compound in CRL-LQM11 complex formation. In
contrast, LQM16 presents only one H-bond, corroborating with its low
Ecomplex Value. Additionally, the binding site (Eenzyme) for LQM11 is
more stable than to LQM16, suggesting that larger binding sites are
more stables. Finally, it is possible to suggest that these compounds
should not only have a high Ecomplex value, but their corresponding
binding sites should have an excellent stability, thus contributing to
final AG values.

3.4. Biotechnological application

The Rhynchophorus palmarum (Fig. 10A and B) is an agricultural pest
of economic importance [65]. In this context, the guanylhydrazone
derivatives were evaluated as lipase inhibitor against the crude extract
of guts from R. palmarum, aiming a biotechnological potential appli-
cation for the plague control.

In insect lipase, a similar inhibition profile for the guanylhydrazone
derivatives was observed in both tissues tested. The lipase activity in
the foregut (Fig. 10C) and hindgut (Fig. 10D) were significantly in-
hibited in 58 and 79%, respectively, by LQM11. The LQM16, however,
does not cause significant inhibition in the foregut, causing lipase ac-
tivity inhibition of only 17% in the hindgut (Fig. 10D). For the other
derivatives the following percentages of inhibition in the foregut were
observed: LQMO2 (31%), LQMO03 (27%), LQM10 (33%), while in the
hindgut the following percentages of inhibition were observed: LQM2
(53%), LQMO3 (49%) and LQM10 (57%). In addition, the inhibition
profile (%) of insect lipase was compared to commercial enzyme (CRL),
and LQM11 was the most effective, in all systems (Fig. S5).

The results of the inhibition of lipase activity of crude insect gut
extracts demonstrated inhibition profile similar to that observed for
inhibition in purified CRL enzyme. The use of the crude extract in this
evaluation mimics the biological conditions that occur in the insect in
vivo, where the enzyme exerts its operation in complex and hetero-
geneous composition medium. Thus, as the same inhibition profile was
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Fig. 10. Rhynchophorus palmarum (A) insect and (B) larvae picture. Inhibition of lipase activity of crude extract of the (C) foregut and (D) hindgut of Rhynchophorus
palmarum larvae by the guanylhydrazone derivatives. The error bars represent the SD for the three determinations (ANOVA/Bonferroni test: p < 0.05;

“p < 0.0001).
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observed in this condition, the inhibition of lipase activity by gua-
nylhydrazone derivatives may be an essential and potential tool for the
control of agricultural pests through interference in the insect digestion
process. However, more studies will be necessary to evaluate the real
potential of this biotechnological application.

4. Conclusion

The biological, biophysical and theoretical studies presented here
provided evidence that LQM11 is a potent inhibitor of lipases (CRL),
when isolated or in the insect gut extracts. The guanylhydrazone deri-
vative LQM11 showed high affinity for the enzyme and ICs, lower than
that of Orlistat, being a non-competitive inhibitor that binds pre-
ferentially by electrostatic interaction to an allosteric specific site of the
enzyme. Thus, LQM11 proved to be a promising compound for bio-
technological application. However, further, studies are needed to
evaluate the viability of this compound for this purpose.
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