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Natural products are considered an important source of bioactive compounds especially
in biodiversity-rich countries like Brazil. The identification of potential targets is crucial to
the development of drugs from natural sources. In this context, in silico methodologies,
such as inverse virtual screening (target fishing), are interesting tools as they are a rational
and direct method that reduces costs and experimental time. Among the species of
Brazilian biomes, Bryophyllum pinnatum (Lam.) Oken, native to Madagascar, is widely
used by the population to treat inflammation conditions. It has a remarkable presence of
flavonoids, inc luding quercet in 3-O-a-L-arabinopyranosyl- (1!2)-O-a-L-
rhamnopyranoside (1), considered one of its major compounds. However, until now
there were no studies addressing its putative mechanism of action and explaining its
pharmacological action. The enzyme PDE4B, known as an antiinflammatory protein, was
indicated as a promising target by target fishing methods. This activity was confirmed by in
vitro enzymatic inhibition, and an expressive selectivity of PDE4B over PDE4A was
demonstrated. The interactions were investigated through molecular dynamics
simulations. The results were pioneering, representing an advance in the investigation
of the antiinflammatory action of B. pinnatum and confirm the potential of the flavonoid as
a chemical extract marker. Also, the flavonoid was shown to be a promising lead for the
design of other selective PDE4B blockers to treat inflammatory diseases.
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INTRODUCTION

Historically, natural products and their derivatives have a
remarkable importance in the process of discovery and
development of new drugs, being responsible for several of the
recently approved new chemical entities (Patridge et al., 2016)
and for about 50% of all drugs approved in clinical use (Horbal
et al., 2018). The identification of the mechanism of action for
these natural products may be a great tool for modern drug
design (Xu et al., 2018). However, the search for targets still
follows the traditional methods with the execution of direct
biological analyses, contributing to the known challenges that
involve the process of drug discovery. In this sense, the
utilization of in silico techniques has been increasing over the
last decades (Freires et al., 2017). These methods are considered
rational, reduce costs, experimental time, and number of
biological models. It has been important in target identification
and discovery of novel potential drugs (Wadood et al., 2013).

Among the in silico methodologies, virtual screening (VS)
represents one of the biggest advances in drug design (Rodrigues
et al., 2012). This method had become a primary component in
drug development, often combined with homology modeling,
QSAR studies, molecular dynamics simulations (Pérez et al.,
2016) and in vitro assays (Espargaró et al., 2017). The VS
approach, divided into structure and ligand-based, uses large
libraries with the objective to identify a compound that is capable
of binding to a molecular target, generally a protein or enzyme
(Rester, 2008). There are several successful studies that have
utilized VS to identify promising ligands and targets, including
researches involving secondary metabolites (Xu et al., 2018).
Among its advantages, the application of this tool in the target
identification of natural products can reduce the number of
biological assays and consequently, the amount of isolated
compounds used in this process.

The Brazilian biomes are considered a large source of
bioactive compounds, hosting 15%–20% of all global
biodiversity (Barreiro and Bolzani, 2009). Among the plants of
the Brazilian biomes, Bryophyllum pinnatum (Lam.) Oken (B.
pinnatum), native to Madagascar, is important in the therapeutic
context since it is widely used to treat inflammation conditions
(Panyaphu et al., 2011; Ezuruike and Prieto, 2014; Sreekeesoon
and Mahomoodally, 2014). Botanic synonyms as Bryophyllum
calycinum and Kalanchoe pinnata can be found (Fernandes et al.,
2019). This species is rich in phenolic compounds, particularly
flavonoids (Nascimento et al., 2015). One of its major
compounds is a glycosylated quercetin derivative identified as
quercet in 3-O-a -L-arabinopyranosyl-(1!2)-O-a-L-
rhamnopyranoside (1) (Figure 1) (Muzitano et al., 2006;
Fernandes et al., 2016).

This compound, first derivative isolated from B. pinnatum,
was found in higher proportions than the other secondary
metabolites by HPLC analysis of the extract. Interestingly,
previous studies had shown that the increase of compound 1,
caused by the different conditions, can be related to the
improvement of the effects, as antioxidant properties
(Nascimento et al., 2013). Other activities of compound 1 were
also been discussed (Muzitano et al., 2006; Sobreira et al., 2017).
Frontiers in Pharmacology | www.frontiersin.org 2
In addition, the 3-O diglycosidic bond and the dimer rhamnose–
arabinose are not common structure features and this flavonoid
was described for few other species from different botanical
families, however not as their major compound (Fernandes
et al., 2019). Therefore, the compound 1 may be considered a
promising chemical marker of the extract of B. pinnatum,
making it also important to the conduction of deeper studies
aiming to investigate its biological activities (dos Santos
Nascimento et al., 2018). However, it is unknown the
mechanism of action and/or some probable targets. In
addition, this information represents a crucial factor in the
discovery and development of new bioactive compounds based
on its structure (Xu et al., 2018).

Thus, the aim of this study was to investigate the potential
mechanism of action for compound 1 using in silico
methodologies, known as target fishing (TF), and molecular
dynamics simulations, combined with in vitro enzymatic
inhibition. This investigation can assist in the selection of
compound 1 as a possible chemical extract marker and also to
the discovery of this flavonoid as a potential lead compound.
MATERIALS AND METHODS

Plant Material
The leaves of B. pinnatum were collected in November 2016
from the Escola Agrícola de Jundiaí (EAJ-UFRN), Macaíba city,
Rio Grande do Norte state, Brazil, at the following coordinates: 5°
51’ 30” S and 5° 51’ 30” W. A vouch specimen (UFC. n° 57335)
was deposited at the Herbario Prisco Bezerra (EAC) after its
botanic identification by Dr. Rúbia Santos Fonseca. The plant
material collection was made under the approval of Brazilian
Authorization and Biodiversity Information System (SISBIO),
process number 35017. Furthermore, the research was registered
in the National System of Management of the Genetic Patrimony
FIGURE 1 | Structure of compound 1.
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and Associated Traditional Knowledge-SISGEN under
number A7EA798.

Extraction and Isolation of Compound 1
The fresh leaves without stems (1.6 kg) were subjected to a turbo
extraction for 5 min in an industrial blender, using EtOH: H2O
(1:1, v/v) at a plant: solvent proportion of 1:1 (w/v).
Subsequently, the hydroethanolic extract (HE) was filtered and
the volume was concentrated by rotaevaporation (model v-700,
Buchi®). With the HE, a liquid-liquid extraction was made with
three solvents of different degrees of polarity. Through this
process, the dichloromethane (CH2Cl2), ethyl acetate (AcOEt),
and n-butanol (n-BuOH) fractions were obtained.

For the isolation of compound 1, the n-BuOH fraction (2 g)
was selected and submitted into a column chromatography
(silica gel 60) with gradient elution (30%–0% CH2Cl2: 70%–
100% AcOEt and 95%–0% AcOEt: 5%–100% MeOH) resulting
in nine fractions (G1–G9). The fractions G3 (520.7 mg) and G4
(372.5 mg) were purified separately through a process of size-
exclusion column chromatography using Sephadex LH-20 as
stationary phase and MeOH as solvent. The process of
purification ended with five subfractions (F1–F5) for both
primary fractions, G3 and G4. Between them, the subfractions
F4 (from G3) and F5 (from G4) showed the same chemical
profile by TLC, characterized by the presence of just one yellow
band. These subfractions were reunited and submitted to a final
purification process through preparative high-performance
liquid chromatography (HPLC-UV) (Shimadzu®) using an
isocratic elution (80% Milli-Q water and 20% Acetonitrile), a
semipreparative column C18 Luna Phenomenex® (250 mm × 10
mm, 5 µm), flow of 4 ml/min and analysis time of 25 min. All
fractions obtained during the entire purification process, were
monitored by thin layer chromatography (TLC) (Merk silica gel
60) and the bands were visualized by UV (254 and 365 nm).
After the purification, the isolation of compound 1 (34.8 mg) was
confirmed by UPLC-DAD system used was a Shimadzu Model
LC-20AD, with DAD detector SPD-M20A and software
LabSolutions. Then, a Phenomenex Kinetex RP-18 column
(150 mm × 4.6 mm, 2.6 mm particle size) equipped with a
Phenomenex security guard column (4.0 mm × 2.0 mm i.d.) was
used. The eluents were: (A) trifluoroacetic acid (TFA) 0.3% and
(B) acetonitrile. The following gradient (v/v) was applied: 7%–
15% B, 0–3 min; 15%–20% B, 3–12 min; 20%–22% B, 12–30 min;
30 min total analysis time. Flow elution was 0.7 ml/min, and 12
ml of each sample was injected. The UV-DAD detector was
programmed to wave length 200–500 nm and the
chromatograms were plotted at 254 and 340 nm. The samples
were resuspended in methanol: water, 1:1 (v/v) and the final
concentration was 2 mg/ml for the extracts. HPLC-grade
acetonitrile and trifluoracetic acid (TFA) were provided from J.
T. Baker (Brazil). Water was purified with a Milli-Q system
(Millipore). Samples and solvents were filtrated through a
membrane (pore-size 0.45 mm) and degassed. The analyses
were performed in triplicate. The UPLC-DAD analysis
confirmed a purity percentage of approximately 93%
(Figure S1, Supplementary Material). The detailed conditions
Frontiers in Pharmacology | www.frontiersin.org 3
of all column chromatography are described in Table S1, in
Supplementary Material.

Structural Characterization of
Compound 1
Quercetin 3-O-a-L-arabinopyranosyl-(1!2)-O-a-L-
rhamnopyranoside (1): amorphous yellow solid; 1H NMR
(DMSO-d6, 500 MHz) d 7.32 (1H, s, H-2’), 7.25 (1H, d, J =
8.30 Hz, H-6’), 6.87 (1H, d, J = 8.25 Hz, H-5’), 6.38 (1H, s, H-8),
6.18 (1H, s, H-6), 5.29 (1H, s, H-1’’), 4.08 (1H, d, J = 7.15 Hz, H-
1’’’), 4.00 (1H, s, H-2’’), 3.21 (1H, d, J = 12.0 Hz, H-5’’’), 3.12 (1H,
t, J = 9.50 Hz, H-2’’’), 3.12 (1H, t, J = 9.50 Hz, H-3’’’), 0.90 (1H, d,
J = 6.10 Hz, H-6’’); 13C NMR (DMSO-d6, 125 MHz) d 177.92 (C,
C-4), 164.48 (C, C-7), 161.40 (C, C-9), 157.14 (C, C-5), 156.56
(C, C-2), 148.78 (C, C-4’), 145.38 (C, C-3’), 134.44 (C, C-3),
121.03 (CH, C-6’), 120.61 (C, C-1’), 115.73 (CH, C-2’), 115.54
(CH, C-5’), 106.5 (CH, C-1’’’), 104.2 (C, C-10), 101.05 (CH, C-
1’’), 98.88 (CH, C-6), 93.84 (CH, C-8), 80.68 (CH, C-2’’), 72.56
(CH, C-4’’), 71.88 (CH, C-3’’’), 71.14 (CH, C-2’’’), 70.41 (CH, C-
3’’), 70.41 (CH, C-5’’), 67.90 (CH, C-4’’’), 65.93 (CH2, C-5’’’),
17.56 (CH3, C-6’’’).

The NMR spectra are described in Supplementary Material.

TF Strategies
The 3D structure model of compound 1 was built using the
program MarvinSketch 16.9.5 (ChemAxon Ltd.). The program
AutoDockVINA (Olson and Trott, 2010) was used to obtain the
required files for the inversed VS search. The target library used
for structure-based inverse VS was constructed from the RCSB
PDB Protein Data Bank (Bernstein et al., 1978) and was
comprised of more than 9,000 structures with bound ligands.
The TF was performed by molecular docking simulations using
AutoDockVINA (Olson and Trott, 2010) automated ad hoc by
shell scripting. The grid box used for the search was big enough
to contain roughly the binding site of the targets and the original
ligands were deleted before each simulation. The lowest free
energy from the empirical score was used to rank the results. The
best 25 results of each compound were selected for
manual evaluation.

For the search of targets for compound 1, it was necessary to
screen a simplified moiety (quercetin) as ligand due to the
exaggerated number of rotatable bonds present on this
flavonoid. The best 50 results were selected for visual
evaluation to ensure if the size of the active site of the targets
was sufficiently large to accommodate the glycosides bound to
compound 1 as a whole. The most promising targets were then
selected for the docking with the complete structure of the
glycosylated flavonoid.

The compound 1 was also submitted to a ligand-based VS
using the web tool SwissSimilarity (Zoete et al., 2016), developed
by SIBS Swiss Institute of Bioinformatics, to make a rapid ligand-
based VS of small to unprecedented ultralarge libraries of small
molecules, including the screening of drugs and bioactive and
commercial molecules. With this web tool, the prediction can be
carried out using six different approaches, such as 2D molecular
fingerprints and super positional and fast nonsuper positional
January 2020 | Volume 10 | Article 1582
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3D similarity molecules (Zoete et al., 2016). In this study, the
combined method was selected for screening and the library of
bioactive ligands was used for comparison with the isolated
compound constructed from the RCSB PDB Protein Data
Bank server (Bernstein et al., 1978). The results were filtered
with the aim to consider only similarity coefficients above 0.500
for each ligand of this work.

PDE4 Activity In Vitro Evaluation
Human PDE4A and PDE4B activities were measured using an
IMAP TR-FRET protocol (kit from Molecular Devices,
Sunnyvale, CA, USA) according to the instructions of the
manufacturer. Briefly, the enzymatic reactions were carried out
at room temperature in a 96-well black plate by co-incubating
100 nM FAM-cAMP (R7513), 10 µM putative inhibitory
compounds and 4 ng PDE4A or 10 ng PDE4B isoform
dissolved in assay buffer (R7364) for 1 h. The enzymes were
obtained from human recombinant sources (MDS PHARMA),
whereas the other reagents were purchased from Molecular
Devices. Fluorescence polarization intensity was measured at
485 nm excitation and 520 nm emission using a microplate
reader, SpectraMax M5 (Molecular Devices, Sunnyvale, CA,
USA). Roflumilast was dissolved in dimethyl sulfoxide
(DMSO) at a final concentration of 0.1%. The vehicle had no
significant effect on PDE4 activity in this condition.

Molecular Dynamics Simulations and
Binding-Free Energy Estimations
The simulations were performed using GROMACS simulation
version 5 (Van Der Spoel et al., 2005) and CHARMM force field
(Vanommeslaeghe et al., 2010). The solvent properties were
mimetic using TIP3P water model with a cubic box large
enough to allow a minimum of 1.0 nm space from the protein
to the box walls. The system charge was neutralized with the
addition of ions at the physiological concentration of 0.15 mM.
Geometry optimization of the solvated system was performed
using the steepest descent algorithm, followed by equilibration
simulations with nVT and nPT ensembles keeping the inhibitor
and the protein restrained. The temperature was kept at 300°K
coupling the system to a V-rescale thermostat (0.1 ps), while the
pressure was also kept constant at 1 bar using the Parinello-
Rahman coupling algorithm. With the exception of the octahedral
configuration structural metals, an unrestrained molecular
dynamics simulation was performed until RMSD stabilization.
The short range Columbic and Lennard-Jones interaction energies
between compound 1 and the surroundings were monitored
during the course of the productive simulation step.

To increase the study sample, the ligand binding poses for
both isoforms were made based on the previous data found in
RCSB PDB Protein Data Bank (Bernstein et al., 1978). The files
of all the crystals of PDE4A and PDE4B were used for the
alignment between each crystallized ligand and compound 1. All
binding poses resulting from the alignment were filtered to delete
the repetitions. To enable the direct comparison between the
results of the two isoforms, the exact same poses were used for
the molecular dynamics simulations on PDE4A and PDE4B.
Frontiers in Pharmacology | www.frontiersin.org 4
After the stabilization of each position, the binding-free
energy values were calculated using g_mmpbsa package
(Kumari et al., 2014). Between the calculated energy
components, the EMM was based on the LJ and Coulomb
potential for each complex. The Gpolar was calculated
according to the package and for the Gnonpolar, the solvent
accessible volume (SAV) was chosen as the type of nonpolar
solvation model. Considering the results of MM/PBSA, the
positions with the most promising binding-free energy were
selected to extend the time of simulation, until 14 ns, in order
to observe for a longer period the behavior of the complex. The
simulations followed the same parameters described above.
RESULTS AND DISCUSSION

Isolation and Structure Elucidation of
Compound 1
Compound 1 was obtained as an amorphous yellow solid and its
structure was elucidated by comparison of its observed and
reported physical data (Muzitano et al., 2006). 1H NMR, 13C
NMR, HSQC, and HMBC spectra are available as Figures S2–S5,
in the Supplementary Material. The 1H NMR spectra showed
characteristic aglycone signals between 7.32 and 6.18 ppm. The
signals in the region of 6.20–6.40 ppm are related with the
hydrogens of ring A of the flavonoid. In relation to ring B, the
signals are compatible with an ortho coupling. Thus, the pattern
of signals and multiplicity observed are compatible with the
flavonoid quercetin (3,5,7,3’,4’-pentahydroxyflavonol). Also, the
spectra had demonstrated that the compound is O-glycosylated
at the position C-3 of the ring C.

In addition, the data of 1H and 13C NMR spectra suggested
the presence of two sugar units. In the 1H NMR, the signal at 0.90
and 5.29 ppm suggested the presence of a unit of rhamnose. This
sugar unit was confirmed by 13C NMR spectra and also by the
both two-dimensional spectra. The other unit of sugar is
evidenced in the 1H NMR spectra at 3.10–4.15 ppm. This
signals suggested that the second sugar unit is an arabinose
attached to the rhamnose unit. In conclusion, it was possible to
confi rm the compound 1 a s que rce t in 3 -O-a -L -
arabinopyranosyl-(1!2)-O-a-L-rhamnopyranoside (Table 1).

TF Strategies
The filtered structure-based inverse VS results showed that
quercetin appears to be more interactive with proteins of
Homo sapiens (Table S2, Supplementary Material). In respect
to the therapeutic activities, it was notable the large number of
antiinflammatory and antiproliferative targets which can be
linked to the activities already reported in the literature for this
natural compound (Anand David et al., 2016).

Among the antiinflammatory targets indicated by TF of
quercetin, phosphodiesterase 4B (PDE4B) stood out due to its
reported action (Jin et al., 2012; Wittmann and Helliwell, 2013).
This result can be related to some studies that had evaluated the
PDE4B inhibitory capacity of secondary metabolites, including
quercetin (Ko et al., 2004; Townsend and Emala, 2013). PDE4
blocker activity was also described with inhibitors derivatives
January 2020 | Volume 10 | Article 1582
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from this flavonol (Chan et al., 2008), which makes PDE4B a
promising target for the study of molecules such as compound 1.

According to this fact, the PDE4B (PDB ID: 4MYQ) (Fox
et al., 2014) was highlighted in the ranking that was comprised of
the five best results of molecular docking simulations with the
complete structure of compound 1 (Table S3, Supplementary
Material). The simulation illustrated a good similarity with the
crystallized molecule and a favorable position of the flavonoid at
the binding site of the enzyme. The interactions demonstrated a
potential stable binding, indicating a hydrophobic interaction
between PHE 618 and the ring C of quercetin, an indirect
interaction with Mg+2 through the water molecules and
hydrogen bonds with ASN 567 and TYR 405 (Figure S6A,
Supplementary Material). In addition, the 2D representation,
provided by the program LigPlot (Wallace et al., 1995), also
pointed hydrogen bonds between the amino acid residues HIS
406 and GLU 476 (Figure S6B, Supplementary Material).

Interestingly, another PDE enzyme was indicated as a possible
target for the interaction with the compound 1 (PDE10A2),
reinforcing the potential capacity of PDE inhibition by this
flavonoid (Table S3, Supplementary Material). The PDE10A2 is a
uniquegene that encodes thePDE10 family and it is expressedmostly
in the brain (Keravis and Lugnier, 2012). Because of its restricted
distribution, most tests evaluated the use of its inhibitors for the
treatmentofneurologicaldiseases (Jørgensenet al., 2013).However, a
possible antiinflammatoryactionhasbeen indicatedbya recent study
that showed the capacity of small inhibitors to decrease the
production of nitrite in LPS-simulated cells (García et al., 2017).

In contrast, the PDE4B inhibitors are widely known for their
antiinflammatory action. This enzyme is the major cAMP-
Frontiers in Pharmacology | www.frontiersin.org 5
metabolizer found in cells of the inflammatory and immune
system (Spadaccini et al., 2017) and it is differentiated from the
other PDE4 isoforms by its high sensitivity towards the
inhibitors (Azam and Tripuraneni, 2014). Among the four
isoforms of phosphodiesterase 4 (A-D), PDE4B is believed to
play a central role in inflammation, being characterized as the
predominant subtype in monocytes and neutrophils (Azam and
Tripuraneni, 2014; Yang et al., 2017). Notably, PDE4B has been
reported as a pivotal target in the treatment of airway
inflammatory changes (Li et al., 2018). This activity is also
recognized in the use of the extract of B. pinnatum (Cruz
et al., 2011), reinforcing the interpretation that the
antiinflammatory action of the compound 1 may be a result, at
least in part, from the blockade of PDE4B.

The other TF methodology used in this work, the ligand-
based VS, also pointed out a target that belongs to the PDE
family, increasing the evidences of this possible action by the
compound 1. The cocrystallized ligand within the PDE5A1
enzyme (Ligand PDB ID: 7CA) (Wang et al., 2006) had a
similarity score of 0.952, being the only result that showed a
similarity score value above 0.5. However, although the targets
are both phosphodiesterase enzymes, their therapeutic actions
are different and as well as their binding site. The result of protein
sequence alignment between the PDE4B and PDE5A1 showed an
identity of 25.5% and the difference of their active sites was easily
noticed (Figure S7, Supplementary Material). Therefore, it is
probable that compound 1 would not have the same inhibition
capacity on PDE4B and PDE5A1.

The choice of the most promising target between the results of
both VS techniques was made from a compilation of the lower
energies derived from the scoring of docking simulations, the
most favorable interaction with the target and the main activity
of the extract of B. pinnatum. These findings add support to the
view that the most promising target for further analyses is indeed
the PDE4B enzyme.

PDE4 Activity In Vitro Evaluation
With the aim to investigate the PDE4B blocker capacity
appropriate for molecular docking simulations, the in vitro
evaluation was performed. We also tested the effect of
compound 1 on PDE4A to determine the selectivity of our
compound with the two PDE4 isoforms that are particularly
important to the antiinflammatory action regulation (Manning
et al., 1999).

The results of compound 1 were considered expressive
concerning both isoforms, but the effect upon PDE4B seemed
to be superior. It is important to highlight that the inhibition of
PDE4B was even better than the standard drug (roflumilast).
Furthermore, the results suggest a relative selectiveness between
the PDE4A and PDE4B (Table 2).

Although the PDE4 is widely studied, the application of
phosphodiesterase inhibitors in medicine is still compromised
by their side effects, which include nausea and emesis, meaning
that their use is limited (Spina, 2008). The exact mechanism that
explains their side effects is still unclear, but one of the most
accepted explanations involves the nonselective inhibitor effects
on the four PDE4 isoforms (Wang et al., 2007). The limitation
TABLE 1 | NMR spectroscopic data (500 MHz, DMSO-d6) for compound 1.

Position dC, type dH, (J in Hz)

2 156.56, C
3 134.44, C
4 177.92, C
5 157.14, C
6 98.88, CH 6.18, s
7 164.48, C
8 93.84, CH 6.38, s
9 161.40, C
10 104.02, C
1’ 120.61, C
2’ 115.73, CH 7.32, s
3’ 145.38, C
4’ 148.78, C
5’ 115.54, CH 6.87, d (8.25)
6’ 121.03, CH 7.25, d (8.30)
1’’ 101.05, CH 5.29, s
2’’ 80.68, CH 4.00, s
3’’ 70.41, CH *
4’’ 72.56, CH *
5’’ 70.41, CH *
6’’ 17.56, CH3 0.90, d (6.10)
1’’’ 106.50, CH 4.08, d (7.15)
2’’’ 71.14, CH 3.12, t (9.50)
3’’’ 71.88, CH 3.12, t (9.50)
4’’’ 67.90, CH *
5’’’ 65.93, CH2 3.21, d (12.0)
*Signs obscured by the water signal present in the DMSO-d6
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concerning selectivity is easily justified when the structures of the
PDE4 isoforms are analyzed. Their structures differ only in N-
terminal regions, reflecting the extreme conservation of amino
acid residues in their activity sites, particularly between PDE4B
and PDE4D (Cheung et al., 2007). In this way, the results showed
this flavonoid to be not just a potent PDE4B inhibitor but also a
promising compound for the design of other selective analogues.
Molecular Dynamics Simulations and
Binding-Free Energy Estimations
The close similarity between the binding sites of the two isoform
makes the elucidation of the selectivity a challenging task.
Therefore, there are some studies in literature that used
experimental tests trying to identify crucial differences between
these isoforms (Wang et al., 2007; Feng et al., 2018). However,
the reasons behind the PDE4 subfamily selective inhibition are
still unclear when it is based essentially on the binding sites of
these enzymes. In this context, the use of alternative methods,
such as in silico studies, can be a promising way to discover
different findings and hypotheses related to this issue. Between
them, the docking simulations, used in the VS study, have a
particular disadvantage due to their lock-key assumption (Mezei,
2003; Andrusier et al., 2008). In contrast, the molecular dynamics
simulation (MD) can theoretically predict the move of every
atom contained in the system over time, capturing important
findings related to the binding process (Hollingsworth and Dror,
2018). Because of this, MD was considered the most promising
method to come to a hypothesis that would attempt to explain
the selective inhibition demonstrated by compound 1
Frontiers in Pharmacology | www.frontiersin.org 6
and, consequently, assist in the design of new selective
PDE4B inhibitors.

One of the most widely used parameters in MD simulations is
the root-mean-square deviation (RMSD). The RMSD reflects the
average displacement of the atoms and its use allows us to
determine the structural stabilization in the time scale of the
simulation period (Martínez, 2015; Sargsyan et al., 2017). Every
one of the five possible positions of the flavonoid was submitted
to a lower simulation time before the further analyzes aiming to
work with already optimized complexes. The RMSD of each
binding pose of the flavonoid on PDE4A (PDB ID: 2QYK)
(Wang et al., 2007) and PDE4B (PDB ID: 3O57) (Mitchell
et al., 2010) demonstrated a complete optimization of the
protein backbone before 5.0 ns, without a significant change of
conformation by this time. This fact indicates that the time of the
simulations was enough for the refinement of all the structures in
the period used. In addition, the high similarity of the RMSD
profile of each pose on both isoforms indicates another reflection
of their resemblance (Figure 2).

To determine the better positions of compound 1 at the
activity sites of both isoforms, a Molecular mechanics Poisson-
Boltzmann surface area method (MM/PBSA) was carried out.
This approach has been used in a lot of studies and can be
combined with MD simulations to give important entropic
contributions to the total binding energy (Homeyer and
Gohlke, 2012; Kumari et al., 2014; Genheden and Ryde, 2015).
It is important to emphasize the influence of the choice of
nonpolar models in the binding-free energy results. Among the
models, the solvent accessible surface area (SASA) is one of the
most widely implemented nonpolar types of modeling in the
MM/PBSA (Kumari et al., 2014). However, previous works have
shown the difficulties of this model in the discrimination of
conformational states in explicit solvent simulations, producing
bias (Wagoner and Baker, 2006). To overcome this issue, other
nonpolar solvent models were tested, such as the SAV and the
hybrid model (SASA-SAV) (Wagoner and Baker, 2006; Kumari
et al., 2014). In contrast with the SASA-only model, the data
results showed that the SAV-only model can reproduce the
explicit solvent nonpolar simulation with promising fidelity
(Wagoner and Baker, 2006). Therefore, the SAV-only model
was chosen for our analysis. Additionally, in MM/PBSA, the
TABLE 2 | Results of PDE4 in vitro inhibition.

PDE4A

Compound (10 µM) % Inhibition
Roflumilast 100 ± 9,58
Compound 1 49,8 ± 7,66

PDE4B

Compound (10 µM) % Inhibition
Roflumilast 85,7 ± 0,68
Compound 1 100 ± 0
FIGURE 2 | Comparative root-mean-square deviation (RMSD) for all binding poses of compound 1 on PDE4A and PDE4B. Each pose is indicated by a different color.
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result of binding-free energy also takes into account the values of
electrostatic, Van der Walls and polar energies (Kumari et al.,
2014). These values were computed for every one of the five
binding poses for 1 on the two isoforms (Table 3).

The results demonstrated that, in the vast majority of the
poses, the flavonoid had a considerably better binding-free
energy value on the PDE4B isoform. These values reinforce the
hypothesis of a more favorable interaction in a molecular
scenario between the compound 1 and PDE4B and also
corroborates with the in vitro results. Among the binding
poses, the first and fifth ones stood out. The first pose, in
particular, had the most promising binding-free energy result
on the both PDE4A and PDE4B enzymes (−64.42 and −72.58
kcal mol-1, respectively) which shows it to be an interesting
binding position at the two activity sites. The fifth pose had a
very similar binding energy on PDE4B to the first one (−72.38
kcal mol-1) and can be considered as a potential occupation
mode at the binding site of PDE4B as well.

Based on the results of MM/PBSA, the two most promising
positions were selected to extend the time of MD simulations in
order to analyze the complex behavior for a longer period. The
RMSD of the two different poses, as before, demonstrated a very
stable profile of optimization with a complete stabilization before
Frontiers in Pharmacology | www.frontiersin.org 7
5.0 ns. Both pose conformations on PDE4A and PDE4B
remained stable after the extension of the simulation time
(Figure 3).

The output results after the extension of the MD time were
also analyzed based on the relevant features of the binding site of
each isoform. The structure of the activity site and the binding
position of cAMP in the PDE4 enzyme are essential to the
evaluation of the inhibitor action. The activity of PDE4 enzyme
depends on the recognition of the cAMP’s nucleotide followed by
its hydrolysis. Structurally, the x-ray crystallography of the PDE4
indicated the three most relevant pockets for the activity of this
enzyme (Spina, 2008). At the Q pocket, the cAMP is identified by
the formation of hydrogen bonds with the nucleotide adenosine
and, once it is recognized, the phosphate moiety complex with
the metals (Zn2+, Mg2+) of the enzyme’s bivalent metal-binding
pocket (M pocket) promoting its hydrolysis (Houslay et al., 2005;
Spina, 2008). The third pocket (S pocket) has polar amino acid
residues and an interesting contact with the external solvent,
probably contributing to the stabilization of the inhibitor at the
binding site. In this context, the majority of PDE4 inhibitors
show a structure capable of occupying specifically the Q and M
pockets to prevent the entry and hydrolysis of cAMP (Houslay
et al., 2005).
TABLE 3 | Calculated values that contributed to binding-free energy from MM/PBSAa.

Pose DEvdw DEelec DGpolar DGSAV DGbind

PDE4A 1 −51.73 ± 0.34 −8.20 ± 0.21 34.64 ± 0.39 −39.10 ± 0.55 −64.42 ± 0.65
2 −53.73 ± 0.58 0.14 ± 0.35 61.21 ± 2.0 −38.52 ± 1.03 −30.86 ± 2.29
3 −45.93 ± 0.53 −11.52 ± 0.43 63.60 ± 3.52 −39.23 ± 1.19 −32.96 ± 2.59
4 −46.42 ± 0.53 −11.09 ± 0.49 35.08 ± 0.72 −34.59 ± 0.82 −57.07 ± 1.01
5 −41.88 ± 0.15 −7.20 ± 0.14 60.30 ± 0.86 −31.35 ± 0.22 −20.12 ± 0.86

PDE4B 1 −65.80 ± 0.44 −25.98 ± 0.43 73.587 ± 0.49 −54.40 ± 0.52 −72.58 ± 0.77
2 −48.77 ± 0.63 −8.23 ± 0.34 37.30 ± 0.41 −35.84 ± 0.84 −55.60 ± 1.19
3 −54.53 ± 0.67 1.18 ± 0.27 51.62 ± 0.70 −40.05 ± 1.02 −41.84 ± 1.41
4 −54.40 ± 0.43 −6.44 ± 0.35 53.79 ± 0.79 −45.27 ± 1.09 −52.27 ± 1.30
5 −56.63 ± 0.22 −21.89 ± 0.25 54.07 ± 0.28 −47.94 ± 0.25 −72.38 ± 0.35
January 2020 | Volume 10
a: All values, standard deviations and averages, are expressed in kcal mol-1.
FIGURE 3 | Root-mean-square deviation (RMSD) of the two most interesting binding poses of compound 1 on PDE4A and PDE4B. Each pose is indicated by a
different color.
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Considering this structural information, the first position of
the flavonoid demonstrated considerable intermolecular
differences between its occupations at both of the binding sites
of the isoforms. On PDE4A, the compound 1 showed a very
stable position at the Q pocket with a double parallel p-stacking
interaction between the amino acid residues PHE 296 and PHE
265, and also the hydrogen bonds with the residues HIS 201 and
TYR 84. However, the compound clearly had an important
dislocation at the activity site and had no interactions with the
metals of the M pocket (Figure 4A). As already mentioned, the
interactions with the bivalent metals influence the inhibition of
PDE4 enzymes in a direct way (Houslay et al., 2005). Therefore,
the behavior of the best pose of the flavonoid indicated by MM/
PBSA on PDE4A represents a valid hypothesis for the lower
inhibition capacity of compound 1 on this isoform. In contrast,
the compound 1 at the activity site of PDE4B also demonstrated
the occupation of the Q pocket, showing one parallel p-stacking
interaction with the amino acid residue PHE 296. Additionally,
there was an increase of hydrogen bonds between the glycosides
and the polar amino acid residues and an indirect interaction
with the metals through hydrogen bonds with the water
molecules (Figure 4B). This increase was clearly demonstrated
in the 2D representation of the intermolecular interactions of
Frontiers in Pharmacology | www.frontiersin.org 8
compound 1 at both binding sites. It was detected the presence of
8 valid hydrogen bonds between the natural product and the
amino acid residues of PDE4B (Figure 4D) and only 2 valid
hydrogen bonds with the amino acid residues of PDE4A
(Figure 4C).

The fifth pose also demonstrated a promising result. This
binding position showed a large difference of the binding-free
energy of the flavonoid on PDE4A and PDE4B. However, in
particular, the results of MM/PBSA on PDE4B pointed to a very
similar binding-free energy in comparison with the first pose.
Interestingly, the analyses on both the binding sites
demonstrated that the most significant variation involved the
hydrophobic interactions with the amino acid residues of
phenylalanine present in the Q pocket. At the PDE4A, the
flavonoid exhibited a parallel p-stacking interaction with PHE
297 (Figure 5A). In comparison, the compound 1 had a double
parallel p-stacking with PHE 296 and PHE 264 at the PDE4B
(Figure 5B). However, even with these similar interactions, the
results of binding-free energy clearly indicate disadvantages of
this pose at the PDE4A activity site. Analyzing the 2D
representations, it was possible to confirm the higher number
of hydrogen bonds between the compound 1 and the amino acid
residues of PDE4B (Figure 5D) in comparison with PDE4A
FIGURE 4 | Illustration of interactions between compound 1 (orange) and the amino acid residues of PDE4A (A) and PDE4B (B) for the first pose. 2D representation
of the intermolecular interactions between the compound 1 and PDE4A (C) and PDE4B (D). The 2D diagrams was provided by the program LigPlot.
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(Figure 5C). This difference may be related with the better
interaction with PDE4B pointed by the favorable binding-free
energy value.

Another interesting fact involving these two potential binding
poses is the positional reflection between them. However, the
behaviors of the poses on PDE4A and PDE4B were substantially
different. In regard to the PDE4B isoform, both poses were stable
at the activity site. In the first pose the glycosides occupied the
polar region between the Q and M pockets and the fifth pose
demonstrated that the compound 1 was also exploring polar
interactions but at the hydrated S pocket. The same was not
observed in PDE4A. The difference in the binding-free energy
results of the first and fifth poses (−64.42 and −20.12 kcal mol-1,
respectively) was reflected in the interaction of these binding
positions in the two isoforms. The compilation results on
PDE4A, demonstrated that even the first pose which had the
most promising binding-free energy, showed major hindrances
in the occupation of the activity site.

The traditional binding pose observed for the known PDE4
inhibitors, including the Roflumilast, had demonstrated that the
most important occupation at the active site is with the amino
acids belonging to the Q and M pockets (Figure S8,
Supplementary Material). Especially three types of interaction
are crucial to the PDE4 inhibition: interactions with the metal
Frontiers in Pharmacology | www.frontiersin.org 9
ions through structural water molecules, hydrogen bonds and
hydrophobic interactions with the amino acid residues at Q
pocket (Card et al., 2004). In this molecular scenario, compound
1 followed the traditional binding pose exhibited by most of the
PDE4 inhibitors and had a widespread occupation of the activity
site. However, the occupation in PDE4B was demonstrated to be
higher after the molecular dynamics simulations, suggesting a
formation of a stable system of hydrogen bonds and hydrophobic
interactions. Therefore, the small but significative differences
between the PDE4 subfamilies found in previous literature on
experimental tests (Wang et al., 2007; Feng et al., 2018), seems to
be crucial to the whole complex behavior simulated in silico.

Although compound 1 showed interesting in vitro and in
silico results, it is important to emphasizing that this compound
has disadvantages as a drug candidate. The enzyme lactase
phrorizin hydrolase, found in small intestine of mammalians,
is capable of hydrolyzing a range of flavonol and isoflavone
glycosides which difficult the abortion of these compounds as a
whole molecule (Day et al., 2000). Since the molecular dynamics
simulations had demonstrated the importance of the glyosidic
portion for the PDE4 blocker action and selectivity profile,
potential medications consisting only of compound 1 would
not be optimal for per oral, the most common type of
administration. However, it can be considered as a promising
FIGURE 5 | Illustration of interactions between compound 1 (blue) and the amino acid residues of PDE4A (A) and PDE4B (B) for the fifth pose. 2D representation of
the intermolecular interactions between the compound 1 and PDE4A (C) and PDE4B (D). The 2D diagrams was provided by the program LigPlot.
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lead compound and the results of molecular dynamics
simulations may be used to design novel potential PDE4B
inhibitors based on the structure of compound 1. Aiming to
increase the synthetic accessibility of the designed compounds,
the glycosides may be replaced by another polar structure in
order to preserve the hydrogen bonds made in S pocket. In
contrast, quercetin aglycone appears to be essential for the
inhibition of the both isoforms and its replacement should be
made by other structure with high similarity.
CONCLUSION

Our studies showed that the employed TF methodologies were
efficient approaches to identify the alleged activities of natural
products, abruptly reducing the costs and numbers of biological
models. Based on the results, this approach proved to be an
interesting tool for the chemical and pharmacological
investigation of possible natural extract markers such as
compound 1 . The flavono id que r c e t in 3 -O-a -L -
arabinopyranosyl-(1!2)-O-a-L-rhamnopyranoside, one of the
major compounds of B. pinnatum, had its antiinflammatory
activity explained by the inhibition of PDE4B. This action
confirmed by in vitro evaluation, indicates that compound 1 is
not just a potent PDE4 blocker, but also demonstrated it to be
highly selective to PDE4B. In addition, it was possible to explore
this inhibiting and selectivity action of compound 1 with
molecular dynamics simulations which shed light on the
atomic level inhibition properties of this compound. These
results show important progress in the investigation of the
antiinflammatory properties of B. pinnatum and reinforced the
possible choice of compound 1 as the extract chemical marker of
this plant. Finally, these highly expressive results show this
flavonoid to be an interesting prototype for the design of other
PDE4B selective inhibitors.
Frontiers in Pharmacology | www.frontiersin.org 10
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